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Summary 
SUMMARY 
Epidemiological studies have suggested that human consumption of fruits 
and vegetables is associated with a reduced risk of cardiovascular disease 
and certain types of cancers. Many fruits, vegetables and nuts are known to 
be a rich source of polyphenolic compounds such as flavonoids, tannins, 
curcuminoids, gallocatechins, stilbenes and anthocyanidins. Plant 
polyphenols possess a wide range of pharmacological properties, the 
mechanisms of which have been the subject of considerable interest. They 
are recognized as naturally occurring antioxidants and have been implicated 
as anticancer compounds. In recent years, several reports have documented 
that plant polyphenolics such as curcumin (from the spice turmeric), 
resveratrol (from red grapes and red wine), epigallocatechin-3-gallate 
(EGCG) (from green tea) and delphinidin (from pomegranate juice) induce 
apoptosis in various cancer cell lines. Of particular interest is the observation 
that a number of these polyphenols including EGCG, gallic acid and 
resveratrol induce apoptotic cell death in cancer cells but not in normal cells. 
Earlier studies in this laboratory have shown that flavonoids, tannic acid and 
its structural constituent gallic acid, curcumin, gallocatechins and resveratrol 
cause oxidative strand breakage in DNA either alone or in the presence of 
transition metal ions such as copper. Copper is an important metal ion 
present in chromatin and is closely associated with DNA bases particularly 
guanine. It is one of the most redox active of the various metal ions present 
in cells. Most of the pharmacological properties of plant polyphenols are 
considered to reflect their ability to scavenge endogenously generated 
oxygen radicals or those free radicals formed by xenobiotics, radiation etc. 
However, some data in the literature suggests that antioxidant properties of 
the polyphenolic compounds may not fully account for their 
chemopreventive effects. Most of the plant polyphenols possess both 
antioxidant as well as prooxidant properties and we have earlier proposed 
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that the prooxidant action of polyphenolics may be an important mechanism 
of their anticancer and apoptosis inducing properties. Such a mechanism for 
the cytotoxic action of these compounds against cancer cells would involve 
mobilization of endogenous copper ions and the consequent prooxidant 
action. 
Aloin and aloe-emodin are polyphenols belonging to the class of compounds 
known as hydroxyanthraquinones. They are naturally occurring antioxidants 
but may act as prooxidants catalyzing oxidative DNA degradation in vitro in 
the presence of transition metal ions such as copper. In view of this, I have 
examined the oxidative DNA cleavage mechanism of aloin and aloe-emodin 
in vitro. Using fluorescence and absorption studies, I have shown that aloin 
and aloe-emodin are able to bind to DNA. Further, aloin and aloe-emodin 
are able to bind as well as reduce copper ions but the relative copper 
reducing efficiency of aloe-emodin is considerably lower than that of aloin. 
Aloin is also capable of inducing DNA breakage in human pheripheral 
lymphocytes whereas aloe-emodin is relatively ineffective. 
Resveratrol and EGCG, polyphenols belonging to classs of compounds 
known as stilbenes and flavonols respectively are considered to possess 
chemopreventive properties against cancer. In the second chapter, using a 
cellular system of lymphocytes isolated from human peripheral blood and 
lysed version of alkaline single cell gel electrophoresis (Comet Assay), I 
have confirmed that resveratrol and EGCG are capable of mobilizing nuclear 
copper from lymphocyte nuclei, which in turn leads to the degradation of 
cellular DNA. Lysed version of Comet assay facilitates the direct interaction 
of polyphenols with the lymphocyte nuclei. Incubation of lymphocyte nuclei 
with neocuproine and bathocuproine (Cu(I) specific chelators) inhibited the 
DNA degradation confirming that Cu(I) is an intermediate in the DNA 
cleavage reaction. Further, I have also shown that resveratrol and EGCG 
induce the generation of reactive oxygen species in lymphocyte nuclei and 
neocuproine and hydroxy! radical quenchers inhibit such radical formation. 
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Since the lysed version of Comet assay required the preparation of cell 
nuclei at an alkaline pH, there existed a possibility that the cellular DNA 
might undergo some structural changes which might be responsible for the 
observed degradation of DNA. Therefore, in the third and final chapter of 
this thesis, using permeabilized lymphocytes and Comet Assay, I have 
further confirmed that polyphenols are able to mobilize nuclear copper from 
permeabilized lymphocytes. The results obtained with Cu(I) specific 
chelators (neocuproine and bathocuproine) are the same as in the previous 
chapter. Further, I have also shown that using either whole cells or 
permeabilized cells, iron and zinc specific chelators did not cause inhibifion 
of resveratrol-induced cellular DNA degradation. Also, resveratrol-induced 
DNA breakage in lymphocyte nuclei is inhibited by various scavengers of 
reactive oxygen species (ROS) suggesting that the same mechanism 
involving ROS and Cu(I) is responsible for DNA breakage irrespective of 
whether lymphocyte nuclei or permeabilized lymphocytes are used. Based 
on the work presented in this thesis, I would like to conclude that 
mobilization of nuclear copper by plant polyphenols and the consequent 
prooxidant action could be one of the important mechanisms of their 
anticancer and chemopreventive properties. Indeed such a common 
mechanism would better explain the anticancer effects of polyphenols with 
diverse chemical structures as also the preferential cytotoxicity towards 
cancer cells. 
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Summary 
SUMMARY 
Epidemiological studies have suggested that human consumption of fruits 
and vegetables is associated with a reduced risk of cardiovascular disease 
and certain types of cancers. Many fruits, vegetables and nuts are known to 
be a rich source of polyphenolic compounds such as flavonoids, tannins, 
curcuminoids, gallocatechins, stilbenes and anthocyanidins. Plant 
polyphenols possess a wide range of pharmacological properties, the 
mechanisms of which have been the subject of considerable interest. They 
are recognized as naturally occurring antioxidants and have been implicated 
as anticancer compounds. In recent years, several reports have documented 
that plant polyphenolics such as curcumin (from the spice turmeric), 
resveratrol (from red grapes and red wine), epigallocatechin-3-gallate 
(EGCG) (from green tea) and delphinidin (from pomegranate juice) induce 
apoptosis in various cancer cell lines. Of particular interest is the observation 
that a number of these polyphenols including EGCG, gallic acid and 
resveratrol induce apoptotic cell death in cancer cells but not in normal cells. 
Earlier studies in this laboratory have shown that flavonoids, tannic acid and 
its structural constituent gallic acid, curcumin, gallocatechins and resveratrol 
cause oxidative strand breakage in DNA either alone or in the presence of 
transition metal ions such as copper. Copper is an important metal ion 
present in chromatin and is closely associated with DNA bases particularly 
guanine. It is one of the most redox active of the various metal ions present 
in cells. Most of the pharmacological properties of plant polyphenols are 
considered to reflect their ability to scavenge endogenously generated 
oxygen radicals or those free radicals formed by xenobiotics, radiation etc. 
However, some data in the literature suggests that antioxidant properties of 
the polyphenolic compounds may not fully account for their 
chemopreventive effects. Most of the plant polyphenols possess both 
antioxidant as well as prooxidant properties and we have earlier proposed 
VII 
Summary 
that the prooxidant action of polyphenoHcs may be an important mechanism 
of their anticancer and apoptosis inducing properties. Such a mechanism for 
the cytotoxic action of these compounds against cancer ceils would involve 
mobilization of endogenous copper ions and the consequent prooxidant 
action. 
Aloin and aloe-emodin are polyphenols belonging to the class of compounds 
known as hydroxyanthraquinones. They are naturally occurring antioxidants 
but may act as prooxidants catalyzing oxidative DNA degradation in vitro in 
the presence of transition metal ions such as copper. In view of this, I have 
examined the oxidative DNA cleavage mechanism of aloin and aloe-emodin 
in vitro. Using fluorescence and absorption studies, I have shown that aloin 
and aloe-emodin are able to bind to DNA. Further, aloin and aloe-emodin 
are able to bind as well as reduce copper ions but the relative copper 
reducing efficiency of aloe-emodin is considerably lower than that of aloin. 
Aloin is also capable of inducing DNA breakage in human pheripheral 
lymphocytes whereas aloe-emodin is relatively ineffective. 
Resveratrol and EGCG, polyphenols belonging to classs of compounds 
known as stilbenes and flavonols respectively are considered to possess 
chemopreventive properties against cancer. In the second chapter, using a 
cellular system of lymphocytes isolated from human peripheral blood and 
lysed version of alkaline single cell gel electrophoresis (Comet Assay), I 
have confirmed that resveratrol and EGCG are capable of mobilizing nuclear 
copper from lymphocyte nuclei, which in turn leads to the degradation of 
cellular DNA. Lysed version of Comet assay facilitates the direct interaction 
of polyphenols with the lymphocyte nuclei. Incubation of lymphocyte nuclei 
with neocuproine and bathocuproine (Cu(I) specific chelators) inhibited the 
DNA degradation confirming that Cu(I) is an intermediate in the DNA 
cleavage reaction. Further, I have also shown that resveratrol and EGCG 
induce the generation of reactive oxygen species in lymphocyte nuclei and 
neocuproine and hydroxyl radical quenchers inhibit such radical formation. 
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Summary 
Since the lysed version of Comet assay required the preparation of cell 
nuclei at an alkaline pH, there existed a possibility that the cellular DNA 
might undergo some structural changes which might be responsible for the 
observed degradation of DNA. Therefore, in the third and final chapter of 
this thesis, using permeabilized lymphocytes and Comet Assay, I have 
further confirmed that polyphenols are able to mobilize nuclear copper from 
permeabilized lymphocytes. The results obtained with Cu(I) specific 
chelators (neocuproine and bathocuproine) are the same as in the previous 
chapter. Further, I have also shown that using either whole cells or 
permeabilized cells, iron and zinc specific chelators did not cause inhibition 
of resveratrol-induced cellular DNA degradation. Also, resveratrol-induced 
DNA breakage in lymphocyte nuclei is inhibited by various scavengers of 
reactive oxygen species (ROS) suggesting that the same mechanism 
involving ROS and Cu(I) is responsible for DNA breakage irrespective of 
whether lymphocyte nuclei or permeabilized lymphocytes are used. Based 
on the work presented in this thesis, I would like to conclude that 
mobilization of nuclear copper by plant polyphenols and the consequent 
prooxidant action could be one of the important mechanisms of their 
anficancer and chemopreventive properties. Indeed such a common 
mechanism would better explain the anticancer effects of polyphenols with 
diverse chemical structures as also the preferenfial cytotoxicity towards 
cancer cells. 
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Introduction 
INTRODUCTION 
Dietary constituents and prevention of disease: 
Dietary agents consist of a wide variety of biologically active 
compounds that are ubiquitous in plants and have been used in 
traditional medicine for thousands of years. Hippocrates recognized 
and professed the importance of various foods in human health 
approximately 2,500 years ago (Khan et al., 2008). Consumption of 
fruits and vegetables as well as grains, has been strongly associated 
with reduced risk of cardiovascular diseases, cancer, diabetes, 
Alzheimer's disease, cataract and age related functional decline 
(Willett, 1994; Willett, 1995; Temple, 2000). Heart diseases, cancer 
and stroke are the top three causes of death in most industrialized 
countries. It is estimated that one third of all cancer deaths can be 
avoided through appropriate dietary modifications (Doll and Peto, 
1981; Willett, 1995). This convincing evidence suggests that a change 
in dietary behaviour such as increasing consumption of fruits, 
vegetables and grains is a practical strategy for significantly reducing 
the incidence of chronic diseases. 
The biologically active chemicals found in fruits, vegetables and 
grains are termed as phytochemicals, many of which provide desirable 
health benefits beyond nutrition to reduce the risk of a number of 
chronic diseases (Liu, 2003). It is estimated that more than 5000 
phytochemicals have been identified but a large percentage still 
remains unknown (Shahidi and Naczk, 1995) and they need to be 
identified before their health benefits can be fully understood. 
However, more and more convincing evidence suggests that the 
benefits of phytochemicals present in fruits and vegetables may be 
even greater than is currently understood because oxidative stress 
induced by free radicals is involved in the etiology of a wide range of 
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chronic diseases (Ames and Gold, 1991). 
Cells in humans and other organisms are constantly exposed to a 
variety of oxidizing agents termed as free radicals / reactive oxygen 
species. These free radicals may play an important role in the origin 
of life and biological evolution, implicating their beneficial effect on 
the organisms (McCord, 2000). For example, phagocytes produce 
reactive oxygen species (ROS) as a defence mechanism against 
various infectious agents. ROS are inevitably generated along with 
cellular metabolism (Klaunig and Kamendulis, 2004; Poli et al., 
2004). Due to highly reactive nature, they can cause oxidation of 
various biomolecules such as DNA, proteins and lipids resulting in 
cellular injury and death (Freidovich, 1999; McCord, 2000) Cells 
utilize a number of antioxidant defence systems (both enzymatic and 
non-enzymatic) to prevent the accumulation of ROS and to keep 
themselves in a state of redox homeostasis (Klaunig and Kamendulis, 
2004; Clarkson and Thompson, 2000). However, under the condition 
of imbalance in redox status, high levels of ROS can induce apoptosis 
(Lau et al., 2004), whereas chronic low levels of ROS promote 
cardiovascular diseases (Barchowsky et al., 1996) and carcinogenesis 
(Lau and Chiu, 2006). They have also been found to induce genetic 
alterations including DNA damage, mutations, epigenetic changes and 
genomic instability (Lopez-Lazaro, 2007). The key factor is to 
maintain a balance between oxidants and antioxidants in order to 
sustain an optimal physiological condition within the body. To 
prevent or slow down the oxidative stress induced by free radicals, 
sufficient amounts of antioxidants are needed to be consumed. 
Fruits and vegetables contain a wide variety of secondary metabolites 
that possess antioxidant properties. These include polyphenols and 
carotenoids that may help protect cellular systems from oxidative 
damage and also lower the risk of chronic diseases. There has been 
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considerable scientific evidence, both epidemiological and 
experimental, accumulated in the past three decades indicating that 
modification in life style including diet, can have a major effect on 
the risks of numerous cancers (Martinez and Giovanucci, 1997). Of 
particular relevance is the consistent cancer protective effect reported 
for individuals consuming increased quantities of fruits and 
vegetables compared to those with low intakes. The cancer inhibitory 
action by a variety of human nutrients derived from plants as well as 
of non-nutritive plant derived constituents (phytochemicals) has been 
confirmed in different animal tumor models (Dragsted et al., 1993; 
Pezzuto, 1996) and has led to an increased emphasis on cancer 
prevention strategies in which these dietary factors are utilized. There 
have been two major diet related prevention strategies that have been 
involved in combating cancer, i.e. cancer chemoprevention and 
dietary prevention with appreciable overlap existing between them. 
Generally, cancer chemoprevention is recognized as the 
pharmacological intervention with synthetic or naturally occurring 
chemicals to prevent, inhibit or reverse carcinogenesis or prevent 
development of invasive cancer (Sporn, 1991; Kelloff and Boone, 
1996; Kelloff et al., 1997; Mayne and Lippman, 1997). On the other 
hand dietary prevention is recognized as the changes in food 
consumption pattern necessary to decrease cancer development 
(Schatzkin and Kelloff, 1995; Goodman, 1997). Plant derived 
polyphenolic compounds such as flavonoids, tannins, curcumin and 
the stilbene resveratrol possess a wide range of pharmacological 
properties, the mechanisms of which have been the subject of 
considerable interest. They are recognized as naturally occurring 
antioxidants and have been implicated as anticancer compounds 
(Mtikhtar et al., 1998). In recent years, several reports have 
documented that plant polyphenolics, including curcumin, resveratrol 
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and gallocatechins such as gallic acid, epigallocatechin, epicatechin-
3-galIate and epigallocatechin-3-gallate (EGCG) induce apoptosis in 
various cancer cell lines (Inoue et al., 1994; Jaruga et al., 1998; 
Clement et al., 1998). Gallocatechins are constituents of green tea, the 
consumption of which is considered to reduce the risk of various 
cancers such as those of bladder, prostate, esophagus and stomach 
(Ahmad et al., 1997). Resveratrol is present in human dietary material 
such as peanuts, grapes, mulberries and beverages such as red wine. 
Of particular interest is the observation that a number of these 
polyphenols including epigaIlocatechin-3-gallate, gallic acid and 
resveratrol induce apoptotic cell death in various cancer cell lines but 
not in normal cells (Inoue et al., 1994; Ahmad et al., 1997; Clement et 
al., 1998). 
Anticancer properties of plant derived polyphenols and 
antioxidants: 
Natural dietary agents have drawn a great deal of attention from both 
the scientific fraternity and the general public owing to their ability to 
suppress cancers (Khan et al., 2008). The wide array of phenolic 
substances and antioxidants present in fruits and vegetables can be 
divided into two main groups: cancer blocking and cancer suppressing 
agents. The former prevent carcinogens from hitting their cellular 
targets (initiation) by several mechanisms: (a) enhancing carcinogen 
detoxification, (b) modifying carcinogen uptake and metabolism, (c) 
scavenging reactive oxygen species (ROS) and other oxidative 
species, (d) enhancing DNA repair. Cancer suppressing agents inhibit 
cancer promotion and progression after the formation of pre-
neoplastic cells by interfering with (a) cell cycle regulation, (b) signal 
transduction, (c) transcriptional regulation and (d) apoptosis (Surh, 
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2003; Greenwald, 2004). 
Phenolic compounds, including their subcategory, flavonoids and 
other plant derived antioxidants have demonstrated protective effects 
in carcinogenesis. Epidemiologic studies have consistently 
demonstrated an inverse relationship between flavonoid consumption 
and risks for certain types of cancer (Russo, 2007). Numerous studies 
have reported flavonoid mediated antiproliferative effects against 
both human and rodent ovarian, leukemic, intestinal, lung, breast and 
bladder cancer cells. For example, quercetin (10 |iM) strongly 
suppresses transformed OVCA 433 human ovarian cancer cell growth. 
Moreover, quercetin inhibits normal proliferation in cultured primary 
ovarian adenocarcinoma tumor cells (Scambia et al.,1994 a, 
b). At low concentrations, quercetin inhibits DNA synthesis (IC50 10 
|aM) and growth (IC50 7.7 fiM) in HL60 human promyelocytic 
leukemia cells (Uddin and Choudhry, 1995; Kang and Liang, 1997). 
The citrus flavonoid tangeretin suppresses HL60 proliferation 
(measured as tritiated thymidine incorporation into DNA) even more 
strongly, with an IC50 of 0.17 jiM (Hirano et al., 1995) while 
genistein is inhibitory at concentrations similar to conventional 
anticancer drugs such as deoxorubicin and methotrexate (Hirano et 
al., 1994). Genistein, kaempferol and quercetin inhibit the 
proliferation of human colon cancer cells Caco-2 and HT29 (Agullo et 
al., 1994; Kuo, 1996) while naringenin and catechin do not (Kuo et 
al., 1996). Curcumin is cytostatic in several hormone dependant 
(MCF-7 and T-47D) and independent (SK-BR3, BT-20 and MDA-
231) breast tumor cell lines (Mehta et al., 1997) while genistein and 
quercetin, in addition to their antiproliferative action, appear to alter 
the metastatic potential of rat breast adenocarcinoma cells, measured 
as a reduced ability to migrate within collagen matrix (Lu et al., 
1996). Quercetin inhibits tritiated thymidine uptake and proliferation 
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in several non-small-cell lung carcinoma cell lines and reduces 
bromodeoxyuridine incorporation in primary lung tumor slices 
(Caltagirone et al., 1997). 
Very few studies have investigated the cytostatic ability of flavonoids 
both in malignant cells and in their untransformed counterparts. 
Although several polyphenols, most notably genistein, while showing 
considerable growth inhibition in HL-60 cells had little or no effect 
on mitogen-induced blastogenesis in normal human peripheral blood 
lymphocytes (Hirano et al., 1994). Similarly, tritiated thymidine 
uptake is inhibited in HL60 cells following exposure to tangeretin, 
but is unchanged in normal lymphocytes (Hirano et al., 1995). The 
polyhydroxylated flavonoids quercetin and taxifolin and the 
polymethoxylated flavonoids nobiletin and tangeretin inhibit HTB 43 
squamous cell carcinoma and 9L gliosarcoma cell growth but are less 
effective in transformed human CCI embryonic fibroblast cells 
(Kandeswami et al., 1992). While these studies appear to suggest that 
the flavonoids display a tumor-specific action, it should be noted that 
comparisons were not made on cells derived from the same tissue. 
In an elegant study by Chen et al. (1998), epigallocatechin-3-gallate 
(EGCG), the major polyphenol present in green tea, inhibited 
colorectal cancer and breast cancer growth more than in their 
respective normal counterparts. Similarly, EGCG reduced W138 
human lung fibroblast cell growth only weakly compared to its virally 
transformed (VA) counterparts. The IC50 value of EGCG was 120 jiM 
in WI38 cells compared with only 10 |iM in W138VA cells. 
Conversely, the flavonoids quercetin and genistein are equally toxic 
towards colonic cancer cells and non-transformed intestinal crypt 
cells (Kuo, 1996). 
In addition to cell culture studies, the capacity of certain dietary 
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polyphenols to protect against both chemically induced and 
spontaneous formation of tumors in animals is well established. For 
example, quercetin administered to rats in combination with dimethyl-
benz-(a)-anthracene (DMBA) or N-nitrosomethylurea (NMU) reduces 
the incidence and multiplicity of mammary tumors by 30 % and 50 % 
respectively (Verma et al., 1988). Quercetin and luteolin (10 g/Kg 
diet) decreases fibrosarcoma incidence (52 % and 60 % respectively) 
and tumor size in male Swiss albino mice following treatment with 
the model chemical carcinogen 20-methylcholanthrene (Elangovan et 
al., 1994). The citrus flavonoid naringenin inhibits the in vivo 
development of DMBA induced mammary tumors in Sprague-Dawley 
rats (So et al., 1996). 
Apart from polyphenols, several other bioactive compounds present 
as extra nutritional constituents of plants have shown to exert a 
protective effect against carcinogenesis. It has been demonstrated that 
capsaicin modulates microsomal cytochrome P450-dependent 
monooxygenase activities, thereby affecting metabolism of 
carcinogens and other xenobiotics (Miller et al., 1993; Surh et al., 
1995). Also, another study by Morre et al. (1995) showed that 
capsaicin preferentially repressed the growth of some transformed 
cells of human origin, including HeLa, ovarian carcinoma, mammary 
adenocarcinoma and promyelocytic leukemia cells in culture. One of 
the most prominent effects curcumin (derived from turmeric) has on 
experimental carcinogenesis is its capability to inhibit tumor 
promotion (Conney et al., 1997; Huang et al., 1997). Curcumin has 
been reported to alleviate TPA (12-0-tetradecanoyl phorbol-13-
acetate) induced skin tumor promotion and epidermal ODC (ornithine 
decarboxylase) mRNA expression (Lu et al., 1993) as well as ODC 
activity (Huang et al., 1988). Lycopene, a potent antioxidant 
carotenoid has been shown to protect against various forms of cancer, 
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including cancer of prostate (Clinton, 1998; Nguyen and Schwartz, 
1999), cervix (Clinton, 1998; Weisburger, 1998), pharynx and 
esophagus (Krinsky, 1998; La Vecchia, 1998) and stomach (Krinsky, 
1998; La Vecchia, 1998; Nguyen and Schwartz, 1999). It also inhibits 
tumor promotion and proliferation of cells in culture and animal 
models (Krinsky, 1998; Nguyen and Schwartz, 1999). 
There are several suggested mechanisms by which polyphenols exert 
anticancer effects: 
Antioxidant effects: Carcinogenesis is a multi-stage process of 
genetic change affecting proto-oncogenes or tumor suppressor genes 
in a single cell or a clone of cells. Such genetic alterations may be 
initiated by increased and persistent damage to DNA causing 
permanent alterations in the genetic message when the cell replicates 
its DNA and divides. Reactive 0 and N species are potential 
carcinogens as they can directly and indirectly induce structural 
alterations in DNA by oxidation, methylation, depurination and 
deamination reactions. The ability of certain polyphenols to inhibit 
oxidative DNA damage is well documented. For example, luteolin, 
kaempferol, quercetin and myricetin at relatively low concentrations 
(50-100 fiM), significantly reduce DNA strand breakage and oxidized 
pyrimidine levels in H202-stressed lymphocytes (Duthie et al., 1997a, 
b; Noroozi et al., 1998). Similarly, tea polyphenols decrease the 
incidence of hydroxyl radical-generated chromatid breaks in 
lymphocytes exposed to fluorescent light irradiation (Parshad et al., 
1998). The number and positioning of the hydroxyl groups in the 
flavonoid structure appear to be important to the antioxidant and 
cytoprotective potential of the compound. There are also many 
studies with Caco-2 cells, which are generally accepted as a good 
Introduction 
model for normal human colonocytes, which indicate a cytoprotective 
ability of flavonoids against oxidative DNA damage (Raeissi et al., 
1997; Ricchi et al., 1997; Venturi et al., 1997; Duthie and Dobson, 
1999). 
Ex-vivo studies also suggest that the antioxidant potential of 
polyphenols may be anticarcinogenic. For example, the ability of 
plasma to inhibit oxygen free radical induced DNA damage to 
lymphocytes was increased by 20 % 1 hour after consumption of 300 
ml wine (Fenech et al., 1997). Moreover, indices of oxidized DNA in 
bladder mucosal cells of smokers inversely correlate with the level of 
phenolics measured in their urine (Malaveille et al., 1998). 
Modulation of enzyme activity associated with carcinogen 
activation and detoxification; One of the mechanisms by which 
polyphenols may exert their anticarcinogenic effect is by modulating 
the enzyme systems that metabolize carcinogens or pro-carcinogens to 
genotoxins. In this way, the activation of the carcinogen may be 
inhibited, or it may be converted to a less reactive compound before it 
reacts with DNA and initiates carcinogenesis. The cytochrome P-450 
superfamily of enzymes metabolizes a large number of 
procarcinogens to reactive intermediates, which bind covalently to 
DNA and can induce malignant transformation. The activity of some 
P-450s are either induced or inhibited by flavonoids. For example, 
naringenin and tangeretin are potent inhibitors of microsomal 7-
ethoxyresorufm-0-deethylase (EROD) activity, which is a marker 
substrate for P450 lA (Obermeier et al., 1995). Similarly, quercetin 
inhibits EROD activity (IC50 < 1 jiM) in microsomes from human 
hepatoma HepG2 cells (Musonda et al., 1997). Pentoxyresorufm-O-
dealkylase (PROD) activity is also decreased, indicating the ability of 
the flavonoids to inhibit P450 2B activity. Tangeretin inhibits 
nifedepine oxidase (P450 3A) in human liver microsomes (Obermeier 
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et al., 1995). Flavone and several hydroxylated derivatives (3-0H-, 5-
0H-, 7-OH- and 3, 7-dihydroxyflavone) are found to be potent 
inhibitors of cDNA expressed human P450s lAl and 1A2 (IC50 < 1 
fiM), while galangin is a selective inhibitor of P450 1A2 (Zhai et al., 
1998). The ability of flavonoids to inhibit P450 lA is directly related 
to their antimutagenic properties. Several flavones, including 
apigenin and luteolin and flavonols such as kaemferol, quercetin and 
myricetin, reduce the mutagenicity of the food-derived heterocyclic 
amine 3-amino-l-methyl-5H-Pyrido [4, 3-b] indole (Trp-P-2) in the 
Ames test (Salmonella typhimurium TA 98). Trp-P-2 is metabolized 
by P450 lA to the ultimate mutagen N-hydroxy-Trp-P-2 that binds to 
the DNA molecule and initiates carcinogenesis (Kanagawa et al., 
1998). 
Therefore, the effect of flavonoids on xenobiotic metabolizing 
enzyme is complex and highly dependent on a number of factors 
including the chemical structure of the flavonoid, the species under 
investigation and the model system being employed. Despite the 
considerable experimental evidence that certain polyphenols have 
potent anti-carcinogenic activity, epidemiological support is 
contradictory. For example, some ecological, cohort and case-control 
studies suggest that tea consumption lowers the risk of developing 
cancer whereas other investigations have failed to find such 
associations or have even indicated procarcinogenic effects (Blot et 
al., 1996). In addition, no correlation was observed between estimated 
flavonoid intake (determined in 1985) and cancer incidence (P = 0.54) 
and mortality (P = 0.51) at all sites after a 5-year period in 738 
elderly Dutch men in the range of 65-84 years (Hertog et al., 1994). 
The inconclusive nature of the epidemiological studies may reflect a 
lack of information on the duration and amount of polyphenol intake, 
inadequate control of confounding and potential basis in recall and 
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reporting of intake patterns. 
Much scientific research needs to be conducted before making 
science-based dietary recommendations. The discovery of agents 
which are effective, safe, non-toxic and the development of dose 
schedules that will allow their beneficial use is the principal need in 
the chemoprevention of cancer. 
RESVERATROL: 
Resveratrol (3,5,4'-trihydroxy-trans-stilbene; figure 1) is a polyphenol 
and has been classified as a phytoalexin for being synthesized in 
spermatophytes in response to injury, UV irradiation and fungal 
attack (Langcake and Pryce, 1976). It was first isolated from the roots 
of the oriental medicinal plant Polygonum capsidatum (Ko-Jo-Kon in 
Japenese) (Nonomura et al., 1963). The observation that resveratrol 
was one of the major active ingredient of folk plant, known for its 
remedial effects against a host of disease states (Nonomura et al., 
1963) and was synthesized in response to fungal infection in 
grapevines {Vitis vineferd) (Langcake and Pryce, 1976) provided the 
early impetus for the interest in unraveling the biological properties 
of this compound. Since the first reported detection of resveratrol in 
grapevines in 1976 and then in wine in 1992 (Siemann and Creasy, 
1992), most of the work is focused on resveratrol in grapevines. 
Epidemiological studies have revealed an inverse correlation between 
red wine consumption and the incidence of cardiovascular disease, a 
phenomenon commonly known as the "French Paradox" (Renaud and 
Lorgeril, 1992). Consequently, the early research on resveratrol was 
centered on its effects on metabolic pathways regulating 
cardiovascular systems such as lipid metabolism, promotion of 
vasorelaxation, anti-atherosclerotic properties and platelet 
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aggregation (Hao and He, 2004). 
Besides its effects on the cardiovascular system, resveratrol exhibits a 
remarkable inhibitory potential in various stages of tumor development. The 
antitumor activity of resveratrol was first revealed by its ability to reduce the 
incidence of carcinogen-induced development of cancers in experimental 
animals (Jang et al., 1997). 
Figure 1. Chemical Structure of Resveratrol 
Subsequently, resveratrol has been shown to exert numerous effects that 
may block tumor development at several discrete stages during the 
multigenic process of carcinogenesis (Hursting et al., 1999), involving 
interactions between resveratrol and multiple targets (Aggarwal and 
Shishodia, 2006). Resveratrol is able to block each step in the process of 
carcinogenesis by inhibiting several molecular targets such as kinases, 
cyclooxygenases, ribonucleotide reductase and DNA polymerases (Saiko et 
al., 2008a). Further, resveratrol induces Gj phase arrest and triggers 
mitochondrial dependent, p53 dependent, ROS dependent, bcl-2 sensitive 
apoptotic response in tumor cells. It has also been shown to induce p53 
accumulation and inhibition of NFKB (Surh, 1999; Saiko et al., 2008a). 
Furthermore, promising data with the use of resveratrol have also been 
obtained regarding progressive neurodegenerative maladies such as 
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Alzheimer's, Huntington's, and Parkinson's diseases. Because neurotoxicity 
is often related to mitochondrial dysftinction and may be ameliorated 
through the inclusion of metabolic modifiers and/or antioxidants, resveratrol 
may provide an alternative (and early) interventionist approach that could 
prevent further damage (Saiko et al., 2008a). Recently, Howitz's group and 
others have described the anti-ageing properties of resveratrol. The molecule 
is the most potent activator of sirtuins transcription (Howitz et al., 2003). 
The prosurvival properties of resveratrol have been confirmed by showing 
its ability to increase aerobic capacity in mice by inducing genes for 
oxidative phophorylation and mitochondrial biogenesis in a SIRTl-
dependent manner (Lagouge et al., 2006). Thus, resveratrol exerts a 
range of beneficial effects on human health and disease (figure 2). 
,0H 
SIRT 1 4 
Chemopreventive ^ \^ /y—(^ ^ ^ Oxidative Phosphorylation! 
Agent \ •* HO—( )— \ — / Mitochondrial Biogenesis | 
Cell Cycle-*- Apoptosis 
Arrest Cardioprotective Anti-Ageing 
Activity Effects 
Inhibits platelet aggregation 
Prevents LDL oxidation 
Anti-inflammatory 
Figure 2: Pleiotropic Effects of Resveratrol 
From: Russo et al., 2007 
Resveratrol is found in several edible natural products such as grapes 
{Vitis spp.), peanuts {Arachis spp.) (Sanders et al., 2000) and berries 
(blue berries, cranberries and lingo berries, all Vaccinium spp.) 
13 
Introduction 
(Rimando et al., 2004). Extracts from roots, heartwood bark and 
leaves of most of these plants are commonly used in traditional 
oriental medicine. The content of resveratrol in different sources 
varies widely, depending on factors such as cultivars, climate, fungal 
infections, UV exposure and wine making procedure. In beverages, 
red wine contains considerable amounts of resveratrol. Its 
concentrations measured in a sampling of red wine varieties ranged 
from 2 to 40 nM (Gusman et al., 2001). 
EPIGALL0CATECHIN-3-GALLATE(EGCG): 
Tea, (derived from the leaves of the plant Camellia sinensis), is the most 
popular beverage, consumed by over two-thirds of the world's population. A 
number of beneficial health effects of green tea such as cancer 
chemoprevention and cardioprotective effects are attributed to its regular 
consumption (Khan et al., 2008). Camellia sinensis, a member of Theaceace 
family, is an evergreen shrub. It is processed in different ways in different 
parts of the world to give green, black or oolong tea. Commercial green tea 
is prepared by picking, lightly steaming or allowing the fresh tea leaves to 
dry at elevated temperatures thereby preserving 90 % of the polyphenols 
contained in fresh leaves from being degraded (Balentine et al., 1997). Dried 
tea leaves are mainly composed of phytochemicals known as polyphenols 
(30-36 %), most notably flavanols (including catechins), flavonoids, 
flavondiols and phenolic acids. The majority of the polyphenols are 
flavanols, more commonly known as catechins (Ahmad and Mukhtar, 1999). 
The primary catechins in green tea are (-)-epigallocatechin-3-gaIlate 
(EGCG), (-)-epigallocatechin (EGC), (-)-epicatechin-3-gallate (EGG), (-)-
epicatechin (EC), (+)- gallocatechin and (+)-catechin (Graham, 1992). The 
catechin in green tea that has gained the most attention with respect to the 
anticarcinogenic activity is the potent antioxidant EGCG. Figure 3 shows the 
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structure of EGCG. Much of the anticarcinogenic effect of green tea is 
attributed to EGCG. EGCG makes up about 10-50 % of the total catechin 
content and appears to be the most powerful of all the catechins, responsible 
for the major health benefits associated with green tea consumption. EGCG 
has both anti matrix metalloproteinase and anti angiogenesis activities (Cao 
et al., 2002). A typical tea beverage, prepared in a proportion of Ig leaf to 
100 mL water in a 3-min brew, usually contains 250-350 mg tea solids, 
comprising of 30^2 % catechins and 3-6 % caffeine (Balentine et al., 
1997). 
Figure 3: Chemical Structure of EGCG 
The health benefits of green tea are mainly attributed to its antioxidant 
properties and the ability of its polyphenolic catechins to scavenge reactive 
oxygen species (Yang, 1999). EGCG and structurally related green tea 
catechins were found to be strong inhibitors of lipid peroxidation in rat liver 
homogenates compared with such antioxidants as glutathione, ascorbic acid 
and tocopherol (Yoshino et al., 1994). Kidney slices from rats subjected to 
oral administration of EGCG (50 mg/kg body weight) for 7 days or fed with 
3 % green tea leaf powder for 50 days exhibited lesser extent of ter-butyl 
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hydroperoxide-induced lipid peroxidation, compared witii the control 
animals (Sano et al., 1995). 
Green tea consumption has been associated with a lower incidence of 
coronary artery disease in Japenese populations (Sano et al., 2004). Indeed, 
Miura et al. (2000) showed that oral intake of green tea extract by human 
volunteers increased resistance of plasma LDL to oxidation in vivo, an effect 
that lower the risk of atherogenesis. Evidence also suggests that tea 
catechins affect discrete cell signaling pathways in neuronal cells, leading to 
a neuroprotective effect (Weinreb et al., 2003). 
Epidemiologic, as well as laboratory studies, have revealed that increased 
consumption of green tea has been associated with reduced frequencies of 
several types of malignant tumors (Yang, 1997; Fujiki et al., 1998; Nakachi 
et al., 1998). Among many polyphenolic compounds isolated from green tea, 
EGCG is believed to be a key active constituent in terms of cancer 
chemopreventive potential (Fujiki et al., 1992; Komori et al., 1993; Fujiki et 
al., 1994). The strong antioxidative activity retained in this polyphenol has 
been confirmed in numerous in vitro and in vivo studies (Ho et al., 1992; 
Wei and Frenkel, 1993) and appears to contribute in part to the 
antimutagenic and anticarcinogenic effects of green tea. Several studies have 
demonstrated that EGCG can inhibit carcinogenesis at all stages: initiation, 
promotion and progression (Chung et al., 2003). This multifaceted inhibition 
of the tumorigenesis process is attributed to a combination of antioxidative, 
antiproliferative and pro-apoptotic effects (Gouni-Berthold and Sachinidis, 
2004). EGCG has also shown to inhibit the process of angiogenesis, tumor 
metastasis and invasion in animal models (Jung and Ellis, 2001; Garbisa et 
al., 2001; Fassinaetal., 2004). 
16 
Introduction 
ALOIN AND ALOE-EMODIN: 
The Aloe plant - Aloe barbadensis miller, commonly known as Aloe Vera, 
has long been used as a traditional medicine and in the formulation of retail 
products such as laxatives, dietary supplements and cosmetics. Aloe extracts 
have also been used to treat inflammation (Hutter et al., 1996), cancers 
(Yoshimoto et al., 1987) and AIDS (Kahlon et al., 1991). It is also known to 
improve blood glucose levels (Ajabnoor, 1990), have antiviral action 
(Sydiskis et al., 1991) and modulates the immune response (Hart et al., 
1989). 
Many active components have been isolated from Aloe species and studied 
for their biological activities. Among them, aloin and aloe-emodin (Figure 4) 
have been identified as the main active components in Aloe. Aloin, also 
called barbaloin, is a bitter tasting yellow crystal and is the C-glycoside 
derivative of an anthraquinone (Saccu et al., 2001). The level of aloin in 
Aloe is highly variable and appears to depend on the species and strain of 
Aloe as well as the growing conditions. Aloin, which is localized in the 
outer rind of the Aloe plant, has been reported to constitute upto 30 % of the 
aloe plant's dried leaf exudates (Groom and Reynolds, 1986). Aloe-emodin 
is a naturally occurring hydroxy anthraquinone derivative present in the 
leaves and roots of a number of plants. It usually occurs in combination with 
its glycosides or in a reduced form (anthrone) (Thomson, 1971). Aloe-
emodin is present in low levels in plants such as Aloe and Senna and is 
thought to arise through oxidative decomposition of its glycosides rather 
than through direct biosynthesis (Grun and Franz, 1982). Although aloe-
emodin is a minor constituent of most botanical raw materials, studies have 
shown that aloe-emodin is the pharmacologically active metabolite of aloin 
and sennosides (Lemli, 1988; Akao et al., 1996). 
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Figure 4: Chemical Structures of Aloin and Aloe-emodin 
Since plants and botanical ingredients containing aloin and aloe-emodin are 
widely used in traditional medicines and cosmetics, the toxicological 
properties of these compounds have been examined in a number of studies. 
The known pharmacological effects of aloe-emodin include antitumor, 
antifijngal, antibacterial, antiviral and laxative activities. Aloin has been 
reported to be nonmutagenic using an in vitro assay (Brown and Dietrich, 
1979). In vitro studies have provided evidence of aloe-emodin's toxicity and 
suggest that aloe-emodin has preferential toxicity to carcinoma cells (Pecere 
et al., 2000; Lee et al., 2001; Wasserman, 2002). Furthermore, it has also 
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been shown that UV and visible Hght potentiate the toxicity of aloe-emodin 
and structurally related anthraquinones. Falvey and co-workers reported that 
exposure of human skin fibroblast to aloe-emodin and UV light elicited 
phototoxicity, which was associated with oxidative damage to both DNA 
and RNA (Vath et al., 2002; Warmer et al., 2003). Emodin, a structural 
isomer of aloe-emodin, has been reported to be toxic to leukemia cells after 
exposure to visible light (Hartley et al., 1990). Recently, it has been shown 
that aloe anthraquinones inhibited the LPS (lipopolysaccharide) induced 
inflammatory response in RAW 264.7 macrophages (Park et al., 2009). 
Since aloin and aloe-emodin contain a polyphenolic structure, these 
compounds may be responsible for the anti inflammatory effects of aloe 
(Korkina et al., 2003). The activity of aloe-emodin was comparable to that 
of kaempferol and to quercetin which are known potent inhibitors of 
inflammation (Park et al., 2009). Another study reported aloe-emodin as a 
new anti-angiogenic compound with inhibitory effects in vivo (Cardenas et 
al., 2006). 
Biosynthesis of polyphenols in plants: 
Resveratrol: It is produced as secondary metabolite in higher plants and 
serves to defend against pathogen attacks. The majority of polyphenolic 
compounds produced by plants are synthesized by a highly branched 
phenylpropenoid pathway. The initial compound is cirmamic acid, which 
arises from phenylalanine by the action of PAL (Phenyl-ammonia lyase). A 
series of hydroxylation, methylation and dehydration reactions leads to the 
formation of p-coumaric acid. 4-coumaroyl-CoA and three molecules of 
malonyl-CoA serve as precursor molecules which lead to the formation of a 
tetraketide which in turn forms resveratrol in the presence of the enzyme 
stilbene synthase (figure 5). 
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EpigaIlocatechin-3-Gallate (EGCG): Flavonoids, especially the flavon-3-
ols, (-)-epigallocatechin, (-)-epicatechin, (+)-gallocatechin and (+)-catechin 
are the most prominent metabolites present in tea. The precursor molecules 
in the flavon-3-ol biosynthetic pathway is 4-coumaroyl-CoA and malonyl-
CoA which forms naringenin. Naringenin, in a series of rections, leads to the 
formation of leucoanthocyanidins. Anthocyanidin synthase converts 
leucoanthocyanidins to anthocyanidins which finally leads to the formation 
of epigallocatechins by anthocyanidin reductase (Figure 6). 
Aloin and Aloe-emodin: Aloin and aloe-emodin are anthraquinones. 
Malonyl-Co-A plays an important role during the synthesis of stilbenes and 
flavonoids. It is also the starting point for the biosynthesis of anthraquinones 
via the formation and polymerization of malonyl-Co-A units by polyketide 
synthases (PKS). One acetyl Co-A unit is extended by 7 malonyl Co-A units 
via an octaketide chain under the influence of the enzyme octaketide 
synthase leading to the formation of anthraquinones (figure 7). The 
anthraquinones exhibit a particular substitution pattern i.e. they are 
substituted in both rings A and C. Aloe-emodin is typically substituted with 
hydroxyl groups in both the rings and a methylhydroxy group in ring C. The 
carbonyl group on the 10- position of aloe-emodin is converted to a 
hemiacetal with rhamnose forming aloin. 
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Figure 6: Biosynthetic pathway of EGCG 
(From: Punyasiri et al., 2004) 
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Absorption, metabolism and bioavailability: 
Resveratrol: The absorption and transport of resveratrol have been studied 
in several models: isolated rat intestine (Andlauer et al., 2000; Kuhnle et al., 
2000), rats and mice after oral administration (Asensi et al., 2002; Vitrac et 
al., 2003), human carcinoma Caco-2 cell line (Kaldas et al., 2003), human 
hepatocytes (Lancon et al., 2004) and healthy human subjects (Goldberg et 
al., 2003). 
The human intestinal Caco-2 cells treated in vitro with resveratrol showed a 
high absorption of resveratrol which occurred principally by transepithelial 
diffusion. However, the transport of resveratrol was nonlinear with time, 
suggesting metabolism to be the rate limiting step with respect to 
bioavailability (Kaldas et al., 2003). In another study, resveratrol (25 
mg/bw) was administered orally to six normal healthy volunteers. The 
absorption was at least 70 %, with peak plasma levels of resveratrol and 
metabolites of about 2 |LIM. Due to rapid and extensive metabolism, only 
trace amounts of unchanged resveratrol was found in the systemic 
circulation (Walle et al., 2004). Furthermore, resveratrol has a short initial 
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half life of ~ 8-14 min (Asensi et al., 2002). The bulk of an intravenous dose 
of resveratrol is converted to sulphate and glucouronide conjugates within ~ 
30 min which have a half life of- 9.2 hours. Although modifications such as 
glucouronidation and sulphation aid in excretion, the undeniable in vivo 
efficacy of resveratrol, despite its low bioavailability has lead to speculation 
that its metabolites could retain some activity (Baur and Sinclair, 2006). 
EGCG; Green tea catechins namely EGCG, EGG and EC have been 
extensively studied as cancer chemopreventive agents. However, the 
absorption and oral bioavailability of these catechins is low, resulting in 
systemic catechin levels in humans that are many fold less than the effective 
concentrations determined in in vitro systems (Chow et al., 2005). A study 
conducted on humans compared the pharmacokinetics of equimolar doses of 
pure EGCG and EGC in healthy volunteers. The average peak plasma 
concentrations after a single dose of 1.5 mmol/L were 5.0 jumol/L for EGC 
and 1.3 |imol/L for EGCG (Higdon and Frei, 2003). Another study, where 
decaffeinated green tea (20 mg tea solids/kg) was fed to human subjects, 
reported that the time needed to reach the peak plasma concentrations (of 
EGCG, EGC, EC) were in the range of 1.3-1.6 hours. The elimination half-
lives were ~ 3.4, 1.7, and 2.0 hours respectively (Lee et al., 2002). It has also 
been shown that absorption of EGCG from the small intestine occurs largely 
via passive diffiision (Lambert et al., 2006). Furthermore, EGCG undergoes 
extensive biotransformation to yield methylated, sulphated and 
glucouronidated metabolites in mice, rats and humans (Lambert et al., 2006; 
Feng, 2006). Thus, intensive research on metabolism and bioavailability of 
tea catechins is required for future cancer chemoprevention studies with 
EGCG in vivo. 
Aloin and Aloe-emodin; Aloin and aloe-emodin, as discussed earlier are 
polyphenolic constituents of aloe extract, which functions primarily as skin 
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conditioning agents. Aloe Vera extract appreciably penetrates the skin in 
vitro and in vivo (Boudreau and Beland, 2006). As a result, the topical 
application of aloe vera to the skin of humans may result in significant 
accumulation of aloe vera components both on the surface and within skin 
layers (Xia et al., 2007). In vivo studies have shown that orally administered 
aloin is poorly absorbed but is metabolized by esterases secreted by 
intestinal microflora to aloe-emodin, which is readily absorbed (Ishii et al., 
1994). Once the C- glycoside of aloin is hydrolyzed, it forms aloe-emodin 
anthrone which is further auto-oxidized to the quinone form (Che et al, 
1991). 
Anticancer and antitumor properties: 
Resveratrol: Resveratrol has been suggested as a potential cancer 
chemopreventive agent based on its inhibitory effects on diverse cellular 
events associated with tumor initiation, promotion and progression (Jang et 
al., 1997). It has also been shown to suppress the final steps of 
carcinogenesis, i.e. angiogenesis and metastasis (Delmas et al., 2006). 
Biochemical pathways involved in differentiation, transformation, cell cycle 
regulation and cell death induction have all been demonstrated as potential 
targets of resveratrol (Gusman et al., 2001; Joe et al., 2002). Resveratrol 
affects some of the intricate pathways operating in carcinogenic 
transformation of cells. These include intracellular generation of reactive 
oxygen species (ROS), activation of protein kinases, induction of enzymes 
such as cyclooxygenase (COX) and lipooxygenase, that generate 
proinflammatory mediators, activation of transcription factors etc. (Pervaiz, 
2003). 
Extensive literature on the anticancer activity of resveratrol, suggests a 
potential antiproliferative and apoptogenic use of resveratrol in various 
cellular models (Cucciolla et al., 2007). Depending on the concentration of 
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resveratrol used, studies have shown that resveratrol can either stimulate 
(Mizutani et al., 1998) or inhibit cell proliferation (Pervaiz, 2001). At 
relatively high concentration = 50 \xM), the effect generally is predominantly 
antiproliferative as demonstrated in a variety of cell lines such as HT29 and 
Caco-2 human colon cancer cells, Hep G2 cells, prostate cancer cells, MCF7 
and HL60 cells etc (Joe et al., 2002; Saiko et al., 2008b; Colin et al., 2008; 
Benitez et al., 2009). The mechanisms for this growth inhibitory activity of 
resveratrol could be due to its ability to block ribonucleotide reductase 
(Fontecave et al., 1998; Saiko et al., 2008a), inhibit DNA polymerase (Tsan 
et al., 2002; Locatelli et al., 2005) or ornithine decarboxylase (Schneider et 
al., 2000; Ulrich et al., 2007). A number of studies have also established that 
resveratrol inhibits cellular proliferation by inducing cell cycle arrest in the 
Gl/S phase (Bhat and Pezutto, 2002). In MCF-7 breast cancer cells and 
hepatic stellate cells, exposure to resveratrol resulted in accumulation of 
cells in the S phase caused by a decrease in the progression through the cell 
cycle or an inhibition of S to G2 phase transition (Souza et al., 2008; Marel 
et al., 2008). A number of protein targets of resveratrol have also been 
identified. In a variety of cellular models, resveratrol strongly upregulated 
p53 and p21 (tumor suppressor proteins) imposing a checkpoint on Gl/S 
transition (Orallo et al., 2002; Mnjoyan et al., 2003; Alkhalaf, 2007). 
Furthermore, resveratrol activates a whole series of p53 responsive targets 
such as p21, p300/CBP, Apaf-1, p57(KIP2), Pig7, Pig8, PiglO, cyclin D and 
Bax that are related to cell cycle arrest and apoptosis, while it down 
regulated survivin, cyclin E, Bcl-2, Bcl-xl and cIAPs (Aggarwal et al., 2004; 
Narayanan, 2006). Resveratrol inhibits a key factor of cell survival, NF-KB, 
through direct inhibition of IKB kinase (Holmes-McNary and Baldwin, 
2000). The inhibition of NF-KB is associated with an antiproliferative action 
and with the induction of cell death (Estrov et al., 2003; Narayanan et al., 
2003). NF-KB controls the transcription of a variety of genes, including 
tumor promoting C0X2, iNOS, matrix metalloprotease (MMP-9) and 
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endothelial adhesion molecules (Chen and Greene, 2004). In addition, 
dietary administration of resveratrol in DMBA induced tumor bearing rats 
reduced growth of tumor tissue and decreased transcription of NF-KB and its 
regulated genes C0X2 and MMP9 (Banerjee et al., 2002). Inhibition of 
proliferation in human epidermoid carcinoma A431 cells have been shown 
to be associated with regulation of the JAK/STAT pathway, where 
resveratrol prevents phosphorylation of JAK, thereby inhibiting STATl 
phosphorylation (Madan et al., 2008). These observations suggest that 
resveratrol regulates the activation of transcriptional factors directed to 
clusters of genes responsible for inducing cell cycle arrest and eventually 
apoptosis. 
Although some of the in vitro biological effects of resveratrol have not been 
corroborated in vivo, there is sufficient evidence to support the anti-
proliferative and growth inhibitory activity in animal models of 
carcinogenesis. Earlier studies have shown that resveratrol treated mice 
developed fewer tumors in response to 7,12-dimethyl benz(a)anthracene 
(DMBA) and phorbol 12-myristate 13-acetate (PMA) in a two stage skin 
carcinogenesis model (Jang et al., 1997). Using HL60 human leukemia and 
T47D breast carcinoma cells, another study reported that there was a 
decrease in incidence of tumors in resveratrol treated mice which could 
possibly be due to the targeted killing of the tumor cells by resveratrol. Both 
cell lines exhibited classical hallmarks of apoptotic cell death (Clement et 
al, 1998; Pervaiz, 2001). Provinciali et al. (2005) have demonstrated that 
resveratrol supplementation delayed the development and reduced the 
metastasizing capacity of spontaneous mammary tumors in HER-2/neu 
transgenic mice. The antitumor effect of resveratrol was related to the 
downregulation of HER-2/neu expression and the induction of apoptosis in 
tumor cells. 
A few reports have offered an interesting perspective on resveratrol actions 
on normal versus malignant cells. In one study, the IC 50 of resveratrol for 
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proliferation inhibition varied almost two fold: 34 ^M in leukemia and 59 
\iM in hematopoietic cells. Human fibroblasts transformed with SV40 virus 
were sensitive to resveratrol modulation of pro versus anti-apoptotic genes 
whereas normal fibroblasts were not (Lu et al., 2001). These promising 
results contrast with those of other studies in which resveratrol exhibited 
similar effects on normal and neoplastic cells. Thus, being a natural 
constituent of wine, fruits and nuts and the fact that it has no deleterious 
effect on normal cells or tissues, resveratrol is under preclinical scrutiny for 
its therapeutic potential. 
Additionally, experimental and epidemiological studies have shown that the 
micronutrients present in food can act as antimitotic agents, implicated in 
cancer initiation, promotion and progression, or mortality (Ames et al., 
1995). Every antioxidant, including vitamin antioxidants are redox agents, 
protecting against free radicals in some circumstances and promoting free 
radical generation in others (Herbert, 1996). Studies have revealed 
prooxidant effects of antioxidant vitamins such as vitamin E (Burkitt and 
Milne, 1996) and vitamin C (Podmore et al., 1998), under certain 
circumstances. Moreover, earlier studies in our laboratory have established 
that several classes of plant derived polyphenolic compounds such as 
flavonoids (Rahman et al., 1990), tannins (Khan and Hadi, 1998), curcumin 
(Ahsan and Hadi, 1998) and capsaicins (Singh et al., 2001) are themselves 
capable of causing oxidative DNA breakage either alone or in the presence 
of transition metal ions. Similarly, although resveratrol is widely believed to 
be an antioxidant; there is evidence in literature to support its prooxidant 
properties, for instance the report on the concentration dependent induction 
of DNA strand breaks in OX-174 plasmid DNA by resveratrol (Win et al., 
2002). Thus, it does appear that the anticarcinogenic activities of plant 
polyphenol, resveratrol may be related but not due entirely to their 
antioxidative and the above mentioned properties. A prooxidant action may 
be important in anticancer and apoptosis inducing properties of resveratrol. 
28 
Introduction 
EGCG: Green tea, particularly its major polyphenolic constituent EGCG 
possess effective chemopreventive and therapeutic properties against various 
cancers (Mukhtar and Ahmad, 2000). It has been shown that EGCG inhibit 
carcinogenesis in a variety of tissues including lung, bladder, skin, small 
intestine, prostate and breast (Mimoto et al., 2000; Chen et al., 2004a; 
Mantena et al., 2005; Stuart et al., 2006; Thangapazham et al., 2007). 
Numerous reports have demonstrated that the growth inhibitory or 
antiproliferative activity of EGCG in various types of tumor cells appears in 
part to be mediated via apoptosis (Valcic et al., 1996; Zhao et al, 2004; 
Raza and John, 2008). It has also been shown that EGCG induces cell cycle 
arrest and apoptosis in many cancer cells without affecting the normal cells 
(Ahmad et al., 1997; Yang et al., 2002). EGCG induced apoptosis in human 
epidermoid carcinoma cell line (A431), human carcinoma keratinocyte cell 
line (HaCaT), human prostate carcinoma cell line (DU145) and mouse 
lymphoma cell line (L5178Y) and such apoptosis inducing activity was 
related to cell cycle arrest in the GO-Gl phase (Ahmad et al., 1997). The 
growth of premalignant and malignant cells derived respectively from 
dysplastic leukoplakia and squamous carcinoma of oral epithelial origin was 
also inhibited by EGCG, and was found to be associated with cell cycle 
arrest in the Gl phase (Khafif et al., 1998a,b). Reports suggest that EGCG 
exerts its growth inhibitory effects through modulation of the activities of 
several key cell cycle regulatory proteins. Nihal et al. (2005) have shown 
that EGCG treatment of human melanoma cells resulted in significant dose-
dependent decrease in cyclin Dl and CDK2 protein levels and induction of 
pl6, p21 and p27. Kavanagh et al. (2001) reported that EGCG induced p27 
in breast cancer cells, which caused growth arrest in Gl/S phase. Hastak et 
al. (2005) have clearly demonstrated that EGCG activated growth arrest, 
primarily via a p53-dependent pathway that involved the function of both 
p21 and Bax such that down-regulation of either molecule conferred a 
growth advantage to prostate carcinoma cells. With regard to apoptosis, 
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EGCG has also been shown to activate caspase-3 and caspase-9, regulate 
mitochondrial functions (release of cytochrome c and Smac/DIABLO, and 
depolarization of mitochondrial membranes), and cleave PARP. These 
physiological events are critical for the mitochondrial-dependent apoptosis 
or cell-intrinsic pathway of apoptosis (Roy et al., 2005; Kuhn et al., 2005; 
Sen et al., 2006). EGCG has also been shown to modulate multiple signal 
transduction pathways in a fashion that controls the unwanted proliferation 
of cells, thereby imparting strong cancer chemopreventive as well as 
therapeutic effects (Khan et al., 2006). EGCG restrained carcinogenesis in a 
variety of tissues through inhibition of mitogen-activated protein kinases 
(MAPK), growth factor-related cell signaling, activation of activator protein 
1 (AP-1) and nuclear factor-B (NF-KB), topoisomerase I, matrix 
metalloproteinases and other potential targets (Chen and Zhang, 2007). 
Maeda-Yamamoto et al. (2003) have reported that EGCG inhibited the 
phosphorylation of extracellular signal regulated kinases 1 and 2 (ERKl/2), 
and suppressed p38 MAPK activity in human fibrosarcoma HT1080 cells. 
EGCG has also been shown to inhibit NFKB activity in human colon and 
prostate cancer cells (Yan et al., 2004; Gupta et al., 2004; Song et al., 2006). 
Treatment of normal human epidermal keratinocytes with EGCG was found 
to inhibit UVB mediated activation of NFKB (Afaq et al., 2003). 
Furhtermore, EGCG has been shown to down-regulate the expression of 
COX-2 and iNOS by suppressing NF-KB activity (Surh et al., 2001). Several 
evidence has indicated that AP-1 plays a key role in cancer development and 
it is up-regulated during tumor promotion stage. It has been found that 
EGCG inhibited EGF- or TPA-induced cell transformation, as well as AP-1-
induced transcriptional activity and DNA binding activity. This study also 
implicated that the inhibition of AP-1 activation occurred via the inhibition 
of a JNK-dependent pathway (Dong et al., 1997). Thus, AP-1 serves as 
another potential target, besides NF-KB, for the cancer preventive effects of 
EGCG. 
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EGCG can also prevent the cancer progression stage by influencing matrix 
metalloproteinases. Fassina et al. (2004) have found that EGCG (25-100 
|imol/L) inhibited the MMP-2 and MMP-9 in endothelial cells. It have also 
been reported that EGCG inhibited the activity and expression of membrane-
type matrix metalloproteinase 1-MMP (MTl-MMP), a protein responsible 
for the activation of MMP (Annabi et al., 2002). Thus, EGCG can inhibit or 
delay cancer invasion, metastasis, and angiogenesis via modulations in 
MMPs. It have also been demonstrated that EGCG selectively inhibited the 
activity of topoisomerase I (but not topoisomerase II), which play a role in 
DNA replication, transcription, and chromosome condensation in human 
colon cancer cell lines. The doses of EGCG necessary for this inhibition (10-
17 |j.mol/L) were found to be lower than those necessary for inhibition of 
cell growth (IC50 = 10-90 \imo\IL) (Berger et al., 2001). Besides inhibiting 
tumor promotion, EGCG administered intraperitonially caused growth 
inhibition and/or regression of experimentally induced skin papillomas in 
mice (Wang et al., 1992). EGCG also effectively suppressed the growth of 
human mammary cancer cells (MCF-7) in athymic mice (Liao et al., 1995). 
Thus EGCG, one of the major antioxidative polyphenol of green tea 
possesses a broad spectrum of anticarcinogenic effects. 
Studies show that the anticarcinogenic activity of tea polyphenols are 
believed to be related, but not due entirely to their antioxidative properties. 
On the other hand, the prooxidant activity of tea polyphenols may play a role 
in inducing apoptosis (Yang et al., 2000). EGCG induced apoptosis of 
human lung cancer H661 cells could be inhibited by catalase (Yang et al., 
1998) suggesting the role of ROS in apoptosis induction by EGCG. Another 
report has suggested that EGCG possess the chemical properties of a 
prooxidant. It has been shown that ROS generation caused by EGCG 
triggers apoptosis in human lymphoblastoid B cells (Noda et al., 2007). 
Thus, EGCG seems to be an attractive agent for 
chemopreventive/chemotherapeutic approach towards combating cancer. 
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Aloin and Aloe-emodin: The chemopreventive efficacy of aloin and aloe-
emodin are in the process of being explored and the mechanisms of their 
anticancer effect are largely unknown. Reports have shown that aloe-emodin 
possess antiproliferative effects on some types of cancers, such as lung 
squamous, glioma and neuroectodermal cancer cells (Pecere et al., 2000; Lee 
et al., 2001; Mijatovic et al., 2005). Pecere et al. (2000) have shown that 
aloe-emodin has a specific in vitro and in vivo antineuroectodermal tumor 
activity. The growth of human neuroectodermal tumors was inhibited in 
mice without any significant toxic effect on the animals. It was also shown 
that aloe-emodin did not inhibit the proliferation of normal fibroblasts nor 
that of hematopoietic progenitor cells. The cytotoxicity lead to the induction 
of apoptosis. This was the first report that described the potential antitumor 
activity of aloe-emodin. Subsequently, several studies conducted with aloe-
emodin reported its antiproliferative and apoptosis inducing ability in cancer 
cell lines. Chen et al. (2004b) demonstrated that aloe-emodin inhibited cell 
proliferation and induced G2/M arrest and apoptosis in human 
promyelocytic leukemia HL-60 cells. It has also been shown that aloe-
emodin induced apoptosis in human gastric carcinoma cells by causing the 
release of apoptosis inducing factor and cytochrome c from mitochondria 
followed by activation of caspase-3 (Chen at al., 2007). Guo et al. (2008) 
reported that anticancer effect of aloe-emodin on gastric cancer cells 
involved suppression of c-myc expression leading to cell cycle arrest in 
G2/M phase. Another study was conducted to investigate the anticancer 
effect of aloe-emodin on two human liver cancer cell lines. Hep 02 and Hep 
B3. It was observed that aloe-emodin inhibited cell proliferation and induced 
apoptosis in both examined cell lines but with different antiproliferative 
mechanisms. In Hep 02 cells, aloe-emodin induced p53 expression, 
accompanied by induction of p21 expression that was associated with cell 
cycle arrest in 01 phase. In contrast, with p53 deficient Hep B3 cells, the 
inhibition of cell proliferation was mediated through a p21 promoted aloe-
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emodin induced apoptosis by enhancing expression of Bax (Kuo et al., 
2002). 
Aloe-emodin has also been shown to exert photocytotoxic effect on tumor 
cells. Photoexcitation of aloe-emodin induced cytotoxicity and photo-
oxidative damage of RNA and DNA in human skin fibroblasts through the 
formation of singlet oxygen (Vath et al., 2002; Warner et al., 2003). 
Cardenas et al. (2006) have reported that photoexcited aloe-emodin was 
much more cytotoxic than unexcited aloe-emodin to human HT-1080 
fibrosarcoma and U2-0S osteosarcoma cells. This remarkable result 
suggested that aloe-emodin could be a candidate for photodynamic therapy 
for some kinds of cancers (Brown et al., 2004). 
Although aloe-emodin has been extensively investigated for apoptosis 
inducing effects, the precursor to aloe-emodin i.e. aloin, has been subjected 
to only minimal investigation for any cytotoxic effects. Recently, one of the 
studies reported that aloin induced apoptosis in Jurkat cells by specifically 
blocking G2/M phase (Buenz, 2008). 
Thus, studies suggest that aloe-emodin represents a suitable 
chemotherapeutic drug candidate for treatment of some cancers whereas 
further studies need to be conducted in order to explore the chemopreventive 
properties of aloin. 
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The health benefits of plant derived polyphenols including resveratrol, 
epigallocatechin-3-gallate, delphinidin, caffeic acid, curcumin, capsaicins, 
tannins and flavonoids have been attributed to their antioxidant effects. 
However, there is evidence in literature suggesting that antioxidant activity 
of such plant derived polyphenols may not fully account for their 
chemopreventive effects. Therefore, it is plausible that other mechanisms 
may be responsible for the varied pharmacological properties. Most 
antioxidants of plant origin are redox (reduction-oxidation) agents, 
protecting against ROS generation in some cases and promoting radical 
generation in others (Herbert, 1996). Studies in this laboratory have shown 
that plant polyphenols behave as prooxidants in the presence of copper ions, 
catalyzing DNA breakage through the generation of reactive oxygen species 
(Ahmad et al., 1992; Bhat and Hadi, 1994; Ahsan and Hadi, 1998; Ahmad et 
al., 2000; Azam et al., 2004; Ahmad et al., 2005). Copper is a major metal 
ion present in the nucleus and is also implicated in tumorigenesis and 
angiogenesis (Chevion, 1988). Oxidative DNA breakage by these 
compounds correlates with their apoptosis inducing capacity. Further, 
properties of polyphenols, such as binding and cleavage of DNA and the 
generation of ROS in the presence of transition metal ions are similar to 
those of some known anticancer drugs (Ehrenfeld et al., 1987). Serum, tissue 
and cellular copper levels are significantly elevated in a number of 
malignancies (Linder, 1991; Gupte and Mumper, 2009). Red wine and green 
tea are known good sources of the polyphenols resveratrol and EGCG 
respectively. Induction of apoptosis by resveratrol as well as EGCG has 
been shown in various human cancer cell lines (Clement et al., 1998; Ahmad 
etal, 1997). 
There is significant data in literature that points to the prooxidant rather than 
the antioxidant property of polyphenols as the mechanism of their anticancer 
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properties. Taking into consideration our own observations and those of 
others we have proposed a mechanism according to which plant polyphenols 
mobilize endogenous copper in cancer cells leading to cytotoxic action 
through the generation of reactive oxygen species (Hadi et al., 2000; Hadi et 
al., 2007). Based on the above hypothesis, in the work presented here, I have 
attempted to elucidate the mechanism of action of plant derived 
polyphenolic compounds; specially the stilbene resveratrol, flavonol EGCG 
and hydroxyanthraquinones aloin and aloe-emodin. Using a cellular system 
of human peripheral lymphocytes and alkaline single cell gel electrophoresis 
(Comet Assay), I have confirmed that polyphenol-Cu(II) system is indeed 
capable of causing DNA degradation in cells such as lymphocytes. These 
findings demonstrate that polyphenol-Cu(II) system for DNA breakage is 
physiologically feasible and could be of biological significance. 
Experiments done in this laboratory has already shown that these 
polyphenols alone (in the absence of added Cu(II)) are also capable of DNA 
breakage in intact lymphocytes which is inhibited by the scavengers of 
reactive oxygen and neocuproine (a membrane permeable Cu(I) specific 
sequestering agent). Bathocuproine, which is unable to permeate through the 
cell membrane, did not cause such inhibition. Using lysed version of Comet 
assay, I have further shown that polyphenols are able to degrade DNA in cell 
nuclei and that such DNA degradation is inhibited by neocuproine as well as 
bathocuproine (both of which are able to permeate the nuclear pore 
complex), suggesfing that nuclear copper is mobilized in this reaction. 
However since the lysed version required the preparation of cell nuclei at an 
alkaline pH, there existed a possibility that the DNA might undergo some 
structural changes which may be responsible for the enhanced DNA 
breakage. In order to rule out the possibility of such a structural change in 
cellular DNA, I have prepared permeabilized cells at neutral pH (Czene et 
al, 1997), thereby eliminating the need for pretreatment of cells at an 
alkaline pH and allowing the polyphenols to interact with cell nuclei at 
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physiological pH. The results obtained with permeabilized cellular system 
were similar to the results obtained using lysed version (Shamim et al., 
2008). These results are in further support of the hypothesis that anticancer 
mechanisms of plant polyphenols may involve mobilization of endogenous 
copper, possibly nuclear copper and the consequent prooxidant action. 
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Chemicals 
Agarose 
Ammonium sulphate 
Aloin 
Aloe-emodin 
Bathocuproine disulphonic acid 
Bovine Serum Albumin 
Butylated Hydroxytoluene 
Caffeic acid 
Catalase 
Delphinidin 
Diadzin 
Deoxyribonucleic acid 
(Calf Thymus Type I) 
Desferrioxamine mesylate 
Diphenylamine 
Epigallocatechin-3 -gallate 
Epigallocatechin 
Epicatechin 
Ethidium Bromide (EtBr) 
Ethylenediaminetetraacetic acid (EDTA) 
Gallic acid 
L-Histidine 
Low melting point agarose 
Neocuproine 
Nitroblue Tetrazolium (NBT) 
Phosphate Buffered Saline Ca^ '*^  and Mg^ '^ free 
Source 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
E. Merck, Germany 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Extra Synthese (Genay) 
France 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
BDH, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Qualigens, India 
Sigma Chemical Co., USA 
Sisco Research Lab, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sisco Research Lab, India 
Sigma Chemical Co., USA 
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RPMI 1640 media 
Trans-resveratrol 
Single strand specific nuclease 
Sodium ascorbate 
Sodium azide 
Sodium chloride 
Superoxide dismutase 
Tert-buty [hydroperoxide 
Theaflavin 
Thiourea 
Tannic acid 
Tris(hydroxy methyl)aminomethane 
Triton X-100 
Xylenol orange 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Isolated and purified from germinating 
Pea seed, in the lab according to the 
procedure of Wani & Hadi, 1979 
Sigma Chemical Co., USA 
E. Merck, Germany 
E. Merck, Germany 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
E. Merck, Germany 
Sigma Chemical Co., USA 
Fluka AG, Switzerland 
BDH, India 
LOBA CHEMEI, India 
* All other chemicals were commercial products of analytical grade. 
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Preparation of stock solutions of various polyphenols : 
Aloin, aloe-emodin, resveratrol, ascorbic acid, caffeic acid and delphinidin 
were dissolved in 3mM NaOH before use as stock of 1 mM. All other 
polyphenols were dissolved in water. Upon addition to reaction mixtures, in 
the presence of buffers and at the concentrations used, the polyphenols 
remained in solution. The volumes of the stock solution added did not lead 
to any appreciable change in the pH of the reaction mixtures. 
Reaction of aioin and aloe-emodin with calf thymus DNA and digestion 
with single strand specific nuclease : 
Single strand specific digestion was performed as described by Wani and 
Hadi (1979). Reaction mixtures (0.5 ml) contained 10 mM Tris-HCl (pH 
7.5), 500 )ig of calf thymus DNA and varying amounts of aloin/aloe-emodin 
and fixed concentration of cupric chloride. All solutions were sterilized 
before use. Incubation was performed at 37 °C for specified time periods. 
The assay determines the acid soluble nucleotides released from DNA as a 
result of enzyme digestion. Reaction mixture in a total volume of 1.0 ml 
contained 40 mM Tris-HCl (pH 7.5), 1 mM Magnesium Chloride, water and 
enzyme. The reaction mixture was incubated at 37 °C for 2 hr. The reaction 
was stopped by adding 0.2 ml bovine serum albumin (10 mg/ml) and 1.0 ml 
of 14 % perchloric acid (chilled). The tubes were immediately transferred to 
0 °C for 45 min before centrifligation at 2500 rpm for 10 min at room 
temperature to remove undigested DNA and precipitated protein. Acid 
soluble deoxyribonucleotides were determined in the supernatant, 
colorimetrically, using the diphenylamine method (Schneider 1957). To a 
1.0 ml aliquot, 2.0 ml diphenyl reagent (freshly prepared by dissolving 1 
gram of recrystallized diphenylamine in 100 ml glacial acetic acid and 2.75 
ml of concentrated H2SO4) was added. The tubes were heated in a boiling 
water bath for 30 min. The intensity of blue colour was read at 600 nm. 
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Absorption studies : 
The absorption spectra were obtained by using Beckman DU-40 
spectrophotometer (USA) equipped with a plotter. 
Spectrophotometric study for polyphenol-Cu(II) interaction : 
The effect of increasing concentrations of Cu(II) on absorption spectra of 
aloin and aloe-emodin was observed. The reaction mixture (3.0 ml) 
contained 10 mM Tris-HCl (pH 7.5), 50 ^M polyphenol (aloin and aloe-
emodin) and increasing concentrations of Cu(II). The spectra were recorded 
immediately after addition of all components. 
Spectrophotometric detection of Cu(II) reduction by aloin and aloe-
emodin : 
The selective sequestering agent neocuproine and bathocuproine were 
employed to detect reduction of Cu(II) to Cu(I) by recording the formation 
of neocuproine-Cu(I) complex and bathocuproine-Cu(I) complex which 
absorbs maximally at 450 nm and 480 nm respectively. The reaction mixture 
(3.0 ml) contained 3 mM Tris-HCl (pH 7.5), fixed concentration (100 ^M) 
of Cu(II), 300 i^ M neocuproine (or bathocuproine) and varying 
concentrations (50-100 fiM) of aloin (or aloe-emodin). The reaction was 
started by adding Cu(II) and the spectra were recorded immediately 
afterwards. 
Stoichiometric titration of Cu(I) production by aloin and aloe-emodin ; 
The amount of Cu(I) produced in the polyphenol-Cu(II) reaction mixture 
was determined by titration with bathocuproine. Aloin/aloe-emodin (50 \\M) 
in 10 mM Tris-HCl (pH 7.5) was mixed with varying concentrations of 
Cu(II) (CUCI2) and 300 |iM bathocuproine in a total reaction volume of 3.0 
ml. Absorbance was recorded at 480 nm after 10 min of incubation at room 
temperature. 
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Flourescence studies : 
The fluorescence studies were performed on a Shimadzu 
spectrofluorophotometer RF-5000 (Japan) equipped with a plotter and a 
calculator. Aloin and aloe-emodin were excited at its absorption maxima 
(X,max) of 360 and 410 nm respectively. Emission spectra were recorded in 
the range shown in figures. 
Detection of superoxide anion (O2"): 
Superoxide was detected by the reduction of nitroblue tetrazolium (NBT) 
essentially as described by Nakayama et al. (1983). A typical assay mixture 
contained 50 mM sodium phosphate buffer (pH 8.0), 33 ^M NBT, 100 i^M 
EDTA and 0.06 % triton X-100 in a total volume of 3.0 ml. The reaction 
was started by the addition of aloin or aloe-emodin. After mixing, 
absorbance was recorded at 560 nm at different time intervals, against a 
blank, which did not contain the compound. 
Detection of hydroxyl radical generation by aloin and aloe-emodin : 
In order to compare the hydroxyl radical production by increasing 
concentrations of aloin and aloe-emodin in the presence of 50 |iM Cu(II), 
the method of Quinlan and Gutteridge (1987) was followed. Calf thymus 
DNA (100 |ig) was used as a substrate and the malondialdehyde generated 
from deoxyribose radicals was assayed by recording the absorbance at 532 
nm. 
Isolation of lymphocytes: 
Heparinized blood samples (2,0 ml) from healthy donors were obtained by 
venepuncture and diluted suitably in Ca^ and Mg^ "*" free PBS. Lymphocytes 
were isolated from blood using Histopaque 1077 (Sigma Diagnostics, St 
Louis, USA), and the cells were finally suspended in RPMI 1640. 
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Treatment of lymphocytes with aloin and aloe-emodin : 
Lymphocytes (1 x 10^  cells) were exposed to different concentrations of 
polyphenols in the absence and presence of indicated concentrations of 
Cu(II) in a total reaction volume of 1.0 ml (400 \i\ RPMI, PBS Ca^ ^ and 
Mg^ ^ free and indicated concentrations of polyphenols). Incubation was 
performed at 37 °C for indicated time periods. After the incubation, the 
reaction mixture was centrifiiged at 4000 rpm, the supernatant was discarded 
and pelleted lymphocytes were resuspended in 100 yX PBS and processed 
further for Comet Assay. 
Viability assessment of lymphocytes : 
The lymphocytes were checked for their viability before the start and after 
the end of the reaction using Trypan Blue Exclusion Test (Pool-Zobel et al., 
1993). The viability of the cells was found to be greater than 93 %. 
Alkaline single cell gel electrophoresis/Comet Assay : 
Comet Assay was performed under alkaline conditions essentially according 
to the procedure of Singh et al. (1989) with slight modifications. Fully 
frosted microscopic slides precoated with 1.0 % normal melting agarose at 
about 50 °C (dissolved in Ca and Mg free PBS) were used. Around 
10,000 cells were mixed with 75 \i\ of 1.0 % LMPA to form a cell 
suspension and pipetted over the first layer and covered immediately by a 
coverslip. The slides were placed on a flat tray and kept on ice for 10 min to 
solidify the agarose. The coverslips were removed and a third layer of 0.5 % 
LMPA (75 1^) was pipetted and coverslips placed over it and allowed to 
solidify on ice for 5 min. The coverslips were removed and the slides were 
immersed in cold lysing solution containing 2.5 M NaCl, 100 mM EDTA, 
10 mM Tris (pH 10) and 1 % Triton X-100 (added just prior to use) for a 
minimum of 1 hr at 4 T . After lysis DNA was allowed to unwind for 30 min 
in alkaline electrophoretic solution consisting of 300 mM NaOH, 1 mM 
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EDTA, pH > 13. Electrophoresis was performed at 4 °C in a field strength of 
0.7 volts/cm and 300 mA current. The slides were then neutralized with cold 
0.4 M Tris (pH 7.5), stained with 75 ^1 EtBr (20 ^g/ml) and covered with a 
coverslip. The slides were placed in a humidified chamber to prevent drying 
of the gel and analyzed the same day. Slides were scored using an image 
analysis system (Komet 5.5, Kinetic imaging, Liverpool, UK) attached to an 
Olympus (CX41) fluorescent microscope and a COHU 4910 (equipped with 
a 510-560 nm excitation and 590 nm barrier filters) integrated CC camera. 
Comets were scored at 100 x magnification. Images from 50 cells (25 from 
each replicate slide) were analyzed. The parameter taken to access 
lymphocyte DNA damage was tail length (migration of DNA from the 
nucleus, ^m) and was automatically generated by Komet 5.5 image analysis 
system. 
Lysed Version of Comet Assay : 
Lysed version of Comet Assay was performed as described by Kasamatsu et 
al. (1996) with some modifications. Lymphocytes isolated from 2.0 ml 
blood were diluted to the count of 2 x 10^  ceIls/2.0 ml and suspended in 
RPMI 1640. Approximately 10,000 of these cells were mixed with 75 |^ 1 of 
prewarmed LMPA in PBS and immediately applied to frosted microscopic 
slides layered with 75 p,l of 1.0 % normal melting agarose in PBS. The slides 
were allowed to gel at 4 °C for 10 min. Lysis of cells was then performed by 
submerging the slides in a tank containing lysis solution in the absence of 
light for 1 hr at 4 °C. The use of a tank instead of a coplin jar allowed 
simultaneous processing of a number of slides. The lysis solution (pH 10) 
consisted of 2.5 M NaCl, 0.1 M EDTA, 10 mM Tris and 1 % Triton X-100 
(added just prior to use). After lysis, slides were transferred to another tank 
containing 0.4 M Phosphate buffer (pH 7.5) for 10 min. Each slide was then 
transferred to a rectangular dish (8cm x 3cm x 5mm) which contained a 
reaction mixture of polyphenols and other additions as mentioned in various 
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legends to figures and tables. The slides with the reaction mixture were 
incubated at 37 °C for indicated time periods. In another set of experiments, 
scavengers of reactive oxygen were added at the final concentrations 
indicated. The slides were then washed twice by placing in 0.4 M phosphate 
buffer (pH 7.5) for 5 min at room temperature. DNA unwinding and 
expression of alkali labile sites was done by leaving the slides in the high pH 
electrophoresis buffer (1 mM EDTA, 300 mM NaOH, pH > 13 prepared in 
PBS) at 4 °C for 30 min. Subsequently, the electrophoresis, neutralization 
and staining of the slides was carried out as described earlier. Comet images 
were observed at 100 x magnification with a fluorescence microscope 
(Olympus CX41) and COHU 4910 (equipped with a 510-560 nm excitation 
and 590 nm barrier filters) integrated CC camera. 50 images were randomly 
selected from each sample and their lengths (diameter of the nucleus plus 
migrated DNA) were measured on the screen as automatically generated by 
Komet 5.5 image analysis system of Kinetic Imaging, Liverpool, UK. 
Treatment of whole lymphocytes with polyphenols and the subsequent 
Comet assay was performed essentially as described earlier (Azmi et al., 
2005). However, since the DNA breakage had to be compared with that in 
lymphocyte nuclei, the treatment of cells was done on slides rather than in 
eppendorf tubes. Therefore, the lysis of cells was carried out after the 
polyphenol treatment. The other conditions remained the same as described 
above. 
For antioxidant study, the cells were preincubated with polyphenols in 
eppendorf tubes in a reaction volume of 1.0 ml. After the preincubation (for 
30 min at 37 ^C), the reaction mixture was centrifuged at 4000 rpm, the 
supernatant was discarded and the pelleted lymphocytes were resuspended 
in 100 \i\ of PBS (Ca^ "^  and Mg^ "^  free) and layered for ftirther treatment with 
TBHP (50 ^M). The incubation period was 30 min at 37 C^ in dark. The 
other conditions remained the same as described above. 
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Treatment of lymphocytes with resveratrol was also carried out using 
permeabilized cells (Czene et al., 1997). For this purpose lymphocytes prior 
to treatment with resveratrol were exposed to the permeabilization solution 
(0.5 % Triton X-100 in 0.004 M Tris-HCl, pH 7.4) for 10 min on ice. For 
treatment each slide was then transferred to a rectangular dish (8cm x 3cm x 
5mm) which contained a reaction mixture of resveratrol and other additions 
as mentioned in various legends to figures and tables. The slides with the 
reaction mixture were incubated at 37 ^C for desired time periods (1 hr for 
whole cells / 30 min for permeabilized cells) and were then washed twice by 
placing in 0.4 M phosphate buffer (pH 7.5) for 5 min at room temperature 
before being processed further for Comet assay. 
Detection of H2O2 generation by various polyphenols in the incubation 
medium of nuclei: 
The ferrous oxidation-xylenol orange (FOX) assay was adapted as described 
by Long et al. (2000) to detect and quantify the generation of H2O2 in the 
incubation medium (phosphate buffer 0.4 M, pH 7.5) by various 
polyphenols. The simplified reaction sequence involves the oxidation of 
9-+- ^4-
ferrous (Fe ) to ferric (Fe ) ions by H2O2 with the subsequent binding of 
the Fe^^ ion to the ferric sensitive dye xylenol orange, yielding an orange to 
purple complex, which is measured at 560 nm. The reaction mixture 
contained the polyphenol and phosphate buffer (incubation medium used in 
the treatment of nuclei). After incubation for 2 hr at 37 °C, an aliquot of 100 
fj.1 was analyzed for H2O2 formation. 
Isolation of nuclei from lymphocytes and determination of TEARS in 
nuclei: 
Nuclei were isolated from lymphocytes by following the procedure given in 
Qiagen Genomic DNA Handbook, 2001. 3.0 ml of lymphocyte suspension 
( 2 x 1 0 cells) was added to an equal volume of ice cold cell lysis buffer 
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(1.28 M Sucrose, 40 mM Tris-HCl pH 7.5, 20 mM Mgclj, 4 % Triton X-
100) and 3 volumes of ice cold distilled water. The suspension was mixed by 
inverting the tubes several times and incubated for 10 min on ice. The buffer 
lyses the cells but stabilizes and preserves the nuclei. The lysed cells were 
then centrifliged at 4 °C for 15 min at 1300 x g. The nuclear pellet thus 
obtained was resuspended in 1.5 ml of nuclei suspension buffer consisting of 
50 mM Tris-HCl pH 7.5, 20 % Glycerol, 5 mM Mgcb and 0.1 mM EDTA. 
Thiobarbituric-acid-reactive substance (TEARS) was determined according 
to the method of Ramanathan et al. (1994) with slight modifications. 200 |il 
of the nuclei suspension was incubated with the polyphenol (0-200 |iM) at 
37 °C in a total volume of 3.0 ml for 1 hr. The reaction was stopped by the 
addition of 30 |LI1 of 5 N NaOH. In some experiments nuclei were 
preincubated with a fixed concentration of neocuproine and thiourea. To 1.5 
ml of the reaction mixture was added 0.5 ml of 10 % TCA and 0.5 ml of 0.6 
M TEA (2-thiobarbituric acid) and the mixture incubated in a boiling water 
bath for 10 min. The absorbance was read at 532 nm and converted into 
nmoles of TEA reactive substance using the molar extinction coefficient. 
Statistical Analysis : 
The statistical analysis was performed as described by Tice et al (2000) and 
is expressed as ± S.E.M. of three independent experiments. A student's t-test 
was used to examine statistically significant differences. Analysis of 
variance was performed using ANOVA. P values < 0.05 were considered 
statistically significant. 
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DNA binding and its degradation by 
aloin and aloe-emodin in the presence 
of copper ions. 

Resulis-I 
RESULTS-I 
Formation of aloin/aloe-emodin-Cu(II) complex: 
The possibility for the formation of aloin/aloe-emodin-Cu(II) complex was 
examined. This was carried out by recording the absorption spectra of aloin 
and aloe-emodin with increasing concentrations of Cu(II). The results given 
in figure 8 and 9 show that the addition of Cu(II) to aloin/aloe-emodin 
results in an enhancement in the peak appearing at the X,max of aloin and 
aloe-emodin. The absorption spectra of aloin and aloe-emodin suggests a 
simple mode of interaction between these polyphenols and Cu(II). 
Detection of aloin/aloe-emodin-induced Cu(I) production by 
neocuproine/bathocuproine: 
The production of Cu(I), formed as a result of reduction of Cu(II) by 
aloin/aloe-emodin, was analyzed using neocuproine/bathocuproine which 
are selective Cu(I) sequestering agents that bind specifically to the reduced 
form of copper (Cu(I)) but not to the oxidized form (Cu(II)) (Simpson et al., 
1992). The Cu(I)-chelates exhibits an absorption maximum at 450 nm and 
480 nm respectively. In the case of aloin, neither Cu(II) nor aloin interfere 
with the maxima, whereas aloin + Cu(II) react to generate Cu(I) which 
complexes with neocuproine (figure 10) and bathocuproine (figure 12) to 
give peaks appearing at 450 nm and 480 nm respectively. However, the 
polyphenol aloe-emodin itself forms a complex with neocuproine (figure 11) 
and bathocuproine (figure 13) that absorbs at 425 nm. This possibly 
interferes with the complex formation of the two chelators with Cu(I) and 
therefore no absorbance band is seen at 450 nm and 480 nm respectively. 
Stoichiometry of Cu(II) reduction by aloin/aloe-emodin: 
Plant polyphenols are known to reduce Cu(II) to Cu(I) as well as reduce 
molecular oxygen to superoxide anion (Rahman et al., 1990).The superoxide 
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thus formed spontaneously, gives rise to H2O2 which in the presence of 
Cu(I) generates hydroxyl radical (Fenton type reaction). We have therefore 
deduced the stoichiometry of Cu(II) reduction by aloin and aloe-emodin. In 
the experiment shown in figure 14, increasing concentrations of Cu(II) were 
added to fixed concentrations of aloin and aloe-emodin (50 \iM) in the 
presence of 300 ^M bathocuproine (a Cu(I) specific sequestering agent). 
The results are plotted as absorbance at 480 nm Vs equivalents of 
Cu(II)/polyphenol. As seen in figure 14, no clear maxima, where absorption 
plateaued, was obtained thereby suggesting a possible recycling of copper 
ions in the reaction. However, it does appear that aloin is a more effective 
copper reducing agent than aloe-emodin. 
Formation of complexes involving calf thymus DNA and aloin/aloe-
emodin: 
Figure 15 and figure 16 shows the effect of addition of increasing molar 
base pair ratios of calf thymus DNA on the fluorescence emission at 580 nm 
and 540 nm of aloin and aloe-emodin respectively. Such an addition resulted 
in a dose-dependent enhancement of aloin fluorescence (figure 15) whereas 
quenching of the fluorescence was observed in the case of aloe-emodin 
(figure 16). There was however, no shift in the A^ ax emission suggesting a 
simple mode of binding of DNA and aloin/aloe-emodin. The control (native 
DNA alone) when excited at the same wavelength (360 nm for aloin and 410 
nm for aloe-emodin) did not interfere with the emission spectrum of 
polyphenol alone/polyphenol + DNA, thus confirming the binding results. 
Binding of copper ions to aloin/aloe-emodin: 
Binding of copper ions to aloin/aloe-emodin was studied by the effect of 
increasing Cu(II) molar ratios on the fluorescence emission spectra of 
aloin/aloe-emodin. The result shown in figure 17 clearly indicate the binding 
as addition of Cu(II) causes quenching of aloin fluorescence whereas the 
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addition of Cu(II) to aioe-emodin causes enhancement of tiie fluorescence 
(figure 18). These results support the result of absorption studies shown in 
figure 8 and figure 9 where formation of aloin-copper and aloe-emodin-
copper complex were demonstrated. 
Generation of oxygen radicals by aloin/aloe-emodin: 
Superoxide production: The production of superoxide anion was 
determined by the method of Nakayama et al. (1983), which involves 
reduction of NBT by aloin/aloe-emodin to a formazan. The fime dependent 
generation of superoxide anion by 100 jiM aloin/aloe-emodin, as evidenced 
by the increase in absorbance at 560 nm is shown in figure 19. The fact that 
NBT was genuinely assaying superoxide was confirmed by SOD (100 
[ig/ml) inhibiting the reaction (results not shown). 
Hydroxyl radical generation by aloin/aloe-emodin: It has been previously 
shown that during the reduction of Cu(II) to Cu(I), reactive oxygen species 
such as hydroxyl radicals are formed which serve as the proximal DNA 
cleaving agent (Rahman et al., 1989). Therefore, the capacity of aloin and 
aloe-emodin to generate hydroxyl radical in the presence of Cu(II) was 
examined. The assay is based on the fact that degradation of DNA by 
hydroxyl radicals results in the release of TBA (2-thiobarbituric acid) 
reactive material, which forms a coloured adduct with TBA whose 
absorbance is read at 532 nm (Quinlan and Gutteridge, 1987). The result of 
figure 20 clearly show that increasing concentrations of aloin lead to a 
progressive increase in the formation of hydroxyl radicals whereas aloe-
emodin is considerably less effective in generating hydroxyl radicals at the 
concentrations used. 
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Breakage of calf thymus DNA by aloin/aloe-emodin in the presence of 
Cu(II): 
Aloin and aloe-emodin in the presence of Cu(II) were found to generate 
single strand specific nuclease sensitive sites in calf thymus DNA. The 
reaction was assessed by recording the proportion of DNA converted to acid 
soluble-nucleotides by the nuclease. Figure 21 and figure 22 gives the dose 
response curve of such a reaction. However, aloin and aloe-emodin in the 
absence of Cu(II) did not generate single strand nuclease sensitive sites in 
calf thymus DNA. Control experiments (data not shown) established that 
heat denatured DNA underwent 100 % hydrolysis following the treatment 
with nuclease. In the presence of Cu(II) (50 \M), increasing concentrations 
of aloin (figure 21) and aloe-emodin (figure 22) resulted in increase in 
nuclease sensitive sites in DNA leading to increased DNA hydrolysis. 
Although, as can be seen from the figures, % DNA hydrolysis is greater in 
the case of aloin than aloe-emodin. 
Standardization of alkaline single cell gel electrophoresis/Comet Assay: 
Alkaline single cell gel electrophoresis is a sensitive technique for detecting 
DNA single strand breaks at the level of a single cell. In this technique a 
small number of cells are treated with the test agent, layered on glass slides 
and sandwiched between layers of agarose. The slides are electrophoresed in 
alkaline conditions, stained and viewed under a fluorescent microscope for 
DNA single strand breaks. The technique is called Comet Assay because of 
a comet like appearance of damaged cellular DNA. H2O2 is a known 
genotoxic agent and is routinely used in genotoxicity testing. In order to 
standardize Comet Assay an experiment was performed with H2O2. 
Photographs of comets (lOOx) observed after treatment of lymphocytes with 
increasing concentrations of H2O2 are shown in figure 23. As can be seen, 
untreated cells are not damaged and do not show a tail. However, with 
increasing concentrations of H2O2 a progressive increase in the length of 
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comet tails is observed. In figure 24, the results of the same experiment are 
plotted as comet tail length (^m) as a function of increasing H2O2 
concentration. 
DNA breakage by aloin-Cu(II) and aloe-emodin-Cu(II) system in 
lymphocytes as measured by Comet Assay: 
Increasing concentrations of aloin (0-200 )iM) either alone or in the presence 
of 50 (iM CuCli was tested for DNA breakage in isolated human peripheral 
lymphocytes using the Comet Assay. The corresponding tail length is 
plotted as a function of polyphenol concentration. It is seen in figure 25 that 
whereas aloin alone causes some breakage of cellular DNA, the degree of 
such breakage is considerably greater in the presence of Cu(II). Untreated 
lymphocyte controls were similar to aloin alone or Cu(II) alone without any 
significant DNA breakage. A similar experiment with increasing 
concentrations of aloe-emodin (0-200 yM) alone and in the presence of 50 
^M Cu(II) was also performed. As can be seen in figure 26, aloe-emodin 
was unable to cause significant and progressive DNA breakage either alone 
or in the presence of Cu(II) as compared to aloin. The results clearly 
establish that aloin-Cu(II) system is capable of DNA breakage in isolated 
lymphocytes. Thus, such cellular DNA breakage is physiologically feasible 
and could be of biological significance. 
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The 3.0 ml reaction mixture contained 10 mM Tris-HCl (pH 7.5), 50 ^M 
aloin and increasing concentrations of Cu(II). The spectra were recorded 
after addition of components indicated. 
(—) Aloin alone 
(--) Aloin+100^MCu(II) 
(- - -) Aloin + 200 ^M Cu(II) 
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The 3.0 ml reaction mixture contained 10 mM Tris-HCl (pH 7.5), 50 i^M 
aloe-emodin and increasing concentrations of Cu(II). The spectra were 
recorded after addition of components indicated. 
(—) Aloe-emodin alone 
(--) Aloe-emodin + lOO^M Cu(II) 
(- - -) Aloe-emodin + 200 \M Cu(II) 
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Figure 10. Detection of aloin-induced Cu(I) production by neocuproine: 
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Reaction mixture (3.0 ml) contained 10 mM Tris-HCl (pH 7.5) along with 
300 |iM neocuproine and indicated concentrations of the following:-
(a) Neocuproine + 100 ^M Cu(II) 
(b) Neocuproine + 100 i^M Cu(I) 
(c) Neocuproine + 50 fiM Aloin 
(d) Neocuproine + 50 ^M Aloin + 100 ^M Cu(II) 
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Figure 11. Detection of aloe-emodin-induced Cu(I) production by 
neocuprome 
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Reaction mixture (3.0 ml) contained 10 mM Tris-HCl (pH 7.5) along with 
300 ^M neocuproine and indicated concentrations of the following:-
(a) Neocuproine + 100 |iM Cu(II) 
(b) Neocuproine + 100 |iM Cu(I) 
(c) Neocuproine + 50 |iM Aloe-emodin 
(d) Neocuproine + 50 jiM Aloe-emodin + 100 |aM Cu(II) 
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Figure 12. Detection of aloin-induced Cu(I) production by 
bathocuproine : 
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Reaction mixture (3.0 ml) contained 10 mM Tris-HCl (pH 7.5) along with 
300 ^M bathocuproine and indicated concentrations of the following:-
(a) Bathocuproine + 100 ^M Cu(II) 
(b) Bathocuproine + 100 ^ M Cu(I) 
(c) Bathocuproine + 50 \iM Aloin 
(d) Bathocuproine + 50 jiM Aloin + 100 ^ iM Gu(II) 
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Figure 13. Detection of aloe-emodin-induced Cu(I) production by 
batliocuproine : 
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Reaction mixture (3.0 ml) contained 10 mM Tris-HCl (pH 7.5) along with 
300 |iM bathocuproine and indicated concentrations of the following:-
(a) Bathocuproine + 100 fiM Cu(II) 
(b) Bathocuproine + 100 ^M Cu(I) 
(c) Bathocuproine + 50 ^M Aloe-emodin 
(d) Bathocuproine + 50 \\M Aloe-emodin + 100 jiM Cu(II) 
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Figure 14. Detection of stoichiometry of aloin/aloe-emodin and Cu(II) 
interaction : 
1 2 3 4 
Equivalents of Cu(ll) / polyphenol 
Reaction mixture contained 10 niM Tris-HCl (pH 7.5), 300 ^M 
bathocuproine and fixed concentration of aloin (•) / aloe-emodin (^) (50 
)xM), with increasing concentrations of Cu(II) (shown as molar ratios of 
Cu(II)/polyphenol). Absorbance was recorded at 480 nm after incubating the 
reaction mixture at room temperature for 10 min. All points represent 
triplicates and mean values have been plotted. 
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Figure 15. Effect of increasing native DNA base pair molar ratios on 
the fluorescence emission spectra of aloin : 
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Aloin (in Tris-HCl, pH 7.5) was excited at its Amax (absorption) of 360 nm 
and the emission spectra were recorded between 530-610 nm. 
— ] Aloin alone (25 \M) 
] Aloin : DNA base pair molar ratio (1:1) 
--] Aloin : DNA base pair molar ratio (1:2) 
— ] Aloin : DNA base pair molar ratio (1:4) 
] Aloin : DNA base pair molar ratio (1:6) 
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Figure 16. Effect of increasing native DNA base pair molar ratios on the 
fluorescence emission spectra of aloe-emodin : 
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Aloe-emodin (in Tris-HCl, pH 7.5) was excited at its Amax (absorption) of 
410 nm and the emission spectra were recorded between 510-580 nm. 
[ — ] Aloe-emodin alone (25 fiM) 
[ ] Aloe-emodin : DNA base pair molar ratio (1:1) 
[-—] Aloe-emodin : DNA base pair molar ratio (1:2) 
[ ] Aloe-emodin : DNA base pair molar ratio (1:4) 
60 
Results-I 
Figure 17. Effect of increasing concentration of Cu(II) on the 
fluorescence emission spectra of aloin : 
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Aloin (in Tris-HCI, pH 7.5) was excited at its Amax (absorption) of 360 nm 
and the emission spectra were recorded between 530-610 nm. 
[ - ] Aloin alone (25 jiM) 
[ — ] Aloin : Cu(II) molar ratio (1:1) 
[ -—] Aloin : Cu(II) molar ratio (1:2) 
[ ] Aloin : Cu(II) molar ratio (1:4) 
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Figure 18. Effect of increasing concentration of Cu(II) on the 
fluorescence emission spectra of aloe-emodin : 
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Aloe-emodin (in Tris-HCl, pH 7.5) was excited at its A^ ax (absorption) of 
410 nm and the emission spectra were recorded between 510-580 nm. 
[ — ] Aloe-emodin alone (25 fiM) 
[ — ] Aloe-emodin : Cu(II) molar ratio (1:1) 
[ -—] Aloe-emodin : Cu(II) molar ratio (1:2) 
[ ] Aloe-emodin : Cu(II) molar ratio (1:4) 
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Figure 19. Photogeneration of superoxide anion by aloin/aloe-emodin 
on illumination under fluorescent light as a function of 
time : 
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Reaction mixture contained 100 mM phosphate buffer (pH 7.5) and 100 i^M 
of aloin (•)/aloe-emodin (^). Details of the reaction are given in "Methods". 
The samples were placed at a distance of 10 cm from the light source. All 
values reported are means of three independent experiments. Error bars 
represent standard error of mean. 
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Figure 20. Hydroxyl radical generation by aloin/aioe-emodin : 
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Reaction mixture (0.5 ml) contained 100 )ig calf thymus DNA as substrate, 
50 i^ M Cu(II) and indicated concentrations of aloin (•) and aloe-emodin (^). 
The reaction mixture was incubated at 37 °C for 30 min. Hydroxyl radical 
formation was measured by determining the TBA reactive material as 
described in "Methods". All values reported are means of three independent 
experiments. Error bars represent standard error of mean. 
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Figure 21. Degradation of calf thymus DNA by aloin in the presence of 
Cu(II) as measured by the degree of single strand specific 
nuclease digestion : 
50 100 150 200 
Aloin (pM) 
250 300 
Reaction mixture (0.5 ml) containing 10 mM Tris-HCl (pH 7.5) and 500 fig 
calf thymus DNA was incubated at 37 °C with indicated concentrations of 
aloin alone (o) and aloin with Cu(II) (50 )iM) (•). Single strand specific 
nuclease digestion was performed as described in "Methods". AH points 
represent triplicates and mean values have been plotted. Error bars represent 
± SEM of three independent experiments. 
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Figure 22. Degradation of calf thymus DNA by aloe-emodin in the 
presence of Cu(II) as measured by the degree of single 
strand specific nuclease digestion : 
40 1 
30 
•o 
^ 20 
< Z 
o 
S5 
50 100 150 200 
Aloe-emodin (\M) 
250 300 
Reaction mixture (0.5 ml) containing 10 mM Tris-HCl (pH 7.5) and 500 jig 
calf thymus DNA was incubated at 37 °C with indicated concentrations of 
aloe-emodin alone {<>) and aloe-emodin with Cu(II) (50 |LIM) (•). Single 
strand specific nuclease digestion was performed as described in "Methods". 
All points represent triplicates and mean values have been plotted. Error bars 
represent ± SEM of three independent experiments. 
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Figure 23. Standardization of Comet Assay with H2O2 
B 
C D 
Reaction mixture (1.0 ml) contained 1 xlO^ cells, RPMI 400 ^1, PBS (Ca^^ 
and Mg free) and indicated concentrations of H2O2 (0-50 ^M). The 
reaction mixture was incubated at 37 °C for 30 min and processed further for 
Comet Assay as described in "Methods". 
Photographs of comets (lOOx) obtained on incubating lymphocytes with 
varying concentrations of H2O2. 
(A) Untreated lymphocytes 
(B) Lymphocytes + 10 ^M H2O2 
(C) Lymphocytes + 20 ^M H2O2 
(D) Lymphocytes + 50 \iM H2O2 
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Figure 24. Standardization of Comet Assay with H2O2: 
10 20 30 
H2O2 (nM) 
40 50 
Reaction mixture (1.0 ml) contained 1 xlO^ cells, RPMI 400 |il, PBS (Ca^ ^ 
and Mg free) and indicated concentrations of H2O2 (0-50 |iM). The 
reaction mixture was incubated at 37 °C for 30 min and processed further for 
Comet Assay as described in "Methods". Comet tail length {\i metres) is 
plotted as a function of increasing concentrations of H2O2 (0-50 \iM). All 
points represent mean of three independent experiments. Error bars denote ± 
SEM. P value < 0.05 and significant when compared to control. 
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Figure 25. DNA breakage by aloin-Cu(II) in human peripheral 
lymphocytes with increasing aloin concentrations : 
100 
aloin (\M) 
200 
Reaction mixture (1.0 ml) contained 1 xlO^ cells, RPMI 400 \i\, PBS (Ca^ ^ 
and Mg free), increasing concentrations of aloin (0-200 ^M) and 50 ^M 
Cu(II). The reaction mixture was incubated for 1 hr at 37 °C. After 
incubation the cells were processed further for Comet Assay as described in 
"Methods". Comet tail length {\i metres) is plotted as a function of 
increasing concentrations of aloin (0-200 |iM) in the absence (•) and 
presence {^) of 50 \iM Cu(II). AH points represent mean of three 
independent experiments. Error bars denote ± SEM. P value < 0.05 and 
significant when compared to control. 
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Figure 26. DNA breakage by aloe-emodin-Cu(II) in human 
peripheral lymphocytes with increasing aloe-emodin 
concentrations : 
40 1 
50 100 
aloe-emodin (^ M) 
150 200 
Reaction mixture (1.0 ml) contained I xIO^ cells, RPMI 400 ^1, PBS (Ca' 2+ 
-2+ . 
and Mg free), increasing concentrations of aloe-emodin (0-200 jiM) and 50 
^M Cu(II). The reaction mixture was incubated for 1 hr at 37 °C. After 
incubation the cells were processed further for Comet Assay as described in 
"Methods". Comet tail length (ju metres) is plotted as a function of 
increasing concentrations of aloe-emodin (0-200 |iM) in the absence (•) and 
presence (^) of 50 yM Cu(II). All points represent mean of three 
independent experiments. Error bars denote ± SEM. P value < 0.05 and 
significant when compared to control. 
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DISCUSSION! 
The major conclusions of the experiments described in this chapter are: (i) 
aloin and aloe-emodin form a complex with both DNA as well as Cu(II) and 
possibly in the presence of all three, a ternary complex of the polyphenol-
Cu(II)-DNA is formed, (ii) Cu(II) is reduced by aloin in the complex to 
generate Cu(I), (iii) aloin is able to cause DNA breakage in the presence of 
copper ions in lymphocytes whereas aloe-emodin is relatively ineffective, 
(iv) redox cycling of copper leads to the generation of various reactive 
oxygen species, particularly the hydroxyl radical which serves as the 
proximal DNA cleaving agent. 
These results place aloin in a class of plant-derived polyphenolic 
antioxidants such as flavonoids (Ahmad et al., 1992), tannins (Bhat and 
Hadi, 1994), and catechins (Azam et al., 2004), which also exhibit 
prooxidant DNA damaging properties. The generation of oxygen radicals in 
the proximity of DNA is well established as a cause of strand scission 
(Ahmad et al., 1992; Bhat and Hadi, 1994; Rahman et al., 1989). It is 
generally recognized that such reactions with DNA are preceded by 
association of the iigand with DNA, followed by the production of oxygen 
radicals at that site (Pryor, 1988), Metal ion dependent degradation of DNA 
by 4-(9-acridinylamino) methanesulphone-m-anisidine (Wong et al., 1984), 
1,10-phenanthroline (Gutteridge and Halliwell, 1982), bleomycin (Ehrenfeld 
et al., 1987), adriamycin (Eliot.et al., 1984; Haidle and McKinney, 1985) as 
well as flavonoids (Ahmad et al., 1992; Rahman et al., 1989) are based on 
mechanisms involving oxygen-derived radicals. Studies on flavonoids from 
this laboratory have shown that a ternary complex of the polyphenol, DNA 
and Cu(II) is formed which generates oxygen radicals insitu via Cu(I). The 
results presented here show that aloin is capable of binding to DNA as well 
as copper and thus it would be reasonable to assume that a similar 
mechanism operates in the case of aloin-Cu(II) mediated DNA cleavage. 
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It has been reported that several chemopreventive agents that are 
antioxidants at some concentrations become prooxidants at other 
concentrations (Lee and Park, 2003), One of the studies has shown that aloin 
exerts prooxidant effect leading to DNA breakage at lower concentrations 
i.e. 8-300 fiM (Tian and Hua, 2005). Aloin leads to the generation of 
hydroxyl radical which serves as DNA cleaving agent through the Fenton 
type reaction (Tian and Hua, 2005). As we can see from the conclusions 
drawn from the results of this chapter, aloe-emodin is relatively ineffective 
in causing DNA breakage in lymphocytes when compared to aloin. This also 
correlates with the copper reducing efficiency of the two compounds. 
Studies have shown that aloe-emodin exerts a prooxidant effect on DNA 
only at higher concentrations i.e. 1.25-2.5 mM (Tian and Hua, 2005). At 
concentrations used in the present study, it is possible that free radical 
scavenging activity of aloe-emodin predominates over its prooxidant action. 
Fe and Cu are the most redox active of the metal ions in living cells. 
Copper is an essential constituent of many enzymes such as tyrosinase and 
superoxide dismutase. Normal serum contains upto 8 |aM loosely bound 
copper and other biological fluids may also contain comparable amounts 
(Gutteridge, 1984). Loosely bound copper has been defined by Gutteridge 
(1984) as that copper which is available for binding to the chelating agent 
1,10-phenanthroline. It is possible that such loosely bound copper can also 
be mobilized by aloin. Copper has also been reported to be a normal 
component of chromatin and such endogenous copper can be mobilized by 
chemical agents such as 1,10-phenanthroline to cause intemucleosomal 
DNA fragmentation (Burkitt et al., 1996). 
Most of the plant polyphenols are known to be potential antioxidants, a 
property which is implicated in their chemopreventive effects. However, 
evidence in literature suggests that antioxidant properties of these 
compounds may not fully account for their anticancer properties (Gali et al., 
1992; Ahmad et al., 2000). Earlier studies in our laboratory have shown that 
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polyphenols such as curcumin (Ahsan and Hadi, 1998), resveratrol (Azmi et 
al., 2006) and delphinidin (Hanif et al., 2008) exhibit prooxidant property in 
the presence of copper ions. These compounds are also known to induce 
apoptosis in cancer cells (Kuo et al., 1996; Clement et al., 1998; Hou et al., 
2003). Similar to our earlier findings, aloin also exhibits copper dependant 
prooxidant action leading to oxidative breakage of cellular DNA. Thus, aloin 
also belongs to the class of polyphenolic antioxidants whose prooxidant 
action is possibly responsible for apoptosis induction and anticancer activity. 
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Mobilization of nuclear copper by plant 
polyphenols and oxidative breakage of 
cellular DNA: demonstration using a 
lysed version of Comet assay. 

Results-II 
RESULTS-II 
Standardization of Lysed version of Comet Assay using H2O2: 
Lysed version of Comet assay has been used to study the direct interaction 
of various agents with cell nuclei as it eliminates the barrier presented by 
cell membrane and the intracellular environment (Szeto et al., 2002). Lysed 
version of Comet assay was performed as described by Kasamatsu et al. 
(1996) with some modifications. In this technique, the lymphocytes 
(embedded in agarose on slides) were lysed and the nuclei on such slides 
were subsequently treated with the test agent (See "Materials and 
Methods"). H2O2 is a known genotoxic agent and is routinely used in 
genotoxicity testing. In order to standardize the lysed version of Comet 
Assay, an experiment was performed with H2O2. Photographs of comets 
(lOOx) observed after treatment of lymphocyte nuclei with increasing 
concentrations of H2O2 are shown in figure 27. As can be seen, untreated 
lymphocyte nuclei were not damaged and do not show a tail. However, with 
increasing concentrations of H2O2, a progressive increase in the length of 
comet tail is observed. In figure 28, the results of the same experiment are 
plotted as comet tail length {\im) as a function of increasing H2O2 
concentration. 
A comparison of DNA breakage by EGCG in intact lymphocytes and 
lymphocyte nuclei as measured by Comet Assay : 
Since in the lysed version of Comet assay, the membrane and cytoplasmic 
barrier is eliminated, it would be reasonable to assume that the polyphenol 
EGCG is able to directly interact with the cell nuclei. Thus, considerably 
greater DNA breakage should be observed in the lysed version as compared 
with the standard version where intact lymphocytes are used. Increasing 
concentrations of EGCG (0-100 jiM) were tested for DNA breakage in intact 
74 
Results-II 
lymphocytes (standard version of Comet assay) and compared with that 
observed in lymphocyte nuclei (lysed version). Photographs of comets 
obtained with 50|iM EGCG in the standard and lysed version of Comet 
assay have been shown in figure 29. In figure 30, the data is plotted as tail 
length of comets with increasing concentration of EGCG. As can be seen 
from the figure, the rate of tail length formation is considerably greater in 
the case of lysed version. The results indicate that EGCG is able to directly 
interact with nuclei and cause DNA breakage when lysed version of comet 
assay is used. Similar results have also been reported by Kasamatsu et al. 
(1996) using H2O2 and bleomycin. 
A comparison of DNA breakage in lymphocyte nuclei by various 
polyphenols: 
We have previously shown (Azmi et al., 2006) that the presence and position 
of hydroxyl groups in polyphenols particularly the presence of ortho-
dihydroxy groups, is important for cellular DNA cleavage. Thus the parent 
compounds of various classes of polyphenols that do not possess any 
hydroxyl group are not cleaving agents. I have therefore compared the 
relative DNA breakage efficiency of various polyphenols in lymphocyte 
nuclei. Figure 31 shows comet tail lengths obtained using increasing 
concentrations of various polyphenols. It is seen that gallic acid (a 
constituent of tannic acid) is the most effective DNA cleaving agent 
followed by EGCG, aloin and resveratrol. It may be suggested that the 
differential DNA cleavage efficiency of various polyphenols is a function of 
the difference in the number and position of hydroxyl groups as well as 
copper binding efficiency. 
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Effect of preincubation of lymphocyte nuclei with polyphenols on 
polyphenol-Cu(II) mediated DNA breakage : 
Nuclear DNA breakage was studied by preincubating the nuclei with 
polyphenols (resveratrol and EGCG) after which the nuclei were washed 
with PBS and incubated further in the presence of S^ iM CUCI2. The results 
given in figure 32 show that the concentrations of polyphenols when used 
alone (2,5,10 p,M) give rise to only a limited degree of nuclear DNA 
breakage (2-5 ixmetres). With either EGCG (figure 3 2A) or with resveratrol 
(figure 32B), a progressive and significant DNA breakage could only be 
seen after incubating the pretreated nuclei fiirther in the presence of CuC^. 
These results indicate that both resveratrol and EGCG are able to enter the 
nuclei. It is well established that the nuclear pore complex is permeable to 
small molecules (Mazzanti, 1998). Thus, the nuclear DNA breakage 
observed in this experiment is presumably the result of direct interaction of 
polyphenols with chromatin. 
Tail length formation in lymphocyte nuclei and relative H2O2 
production by various polyphenols in incubation medium of nuclei: 
It is well known that polyphenols autooxidize in cell culture media to 
generate H2O2 and quinones that can enter cells/nuclei causing damage to 
various macromolecules (Long et al., 2000; Clement et al., 2002; Halliwell, 
2003). This may lead to extraneous production of reactive oxygen species 
that could account for cellular DNA breakage. In order to rule out the 
possible involvement of extraneous H2O2, I have compared the DNA 
breakage efficiency and H2O2 production by various polyphenols at a 
particular concentration. Nuclear DNA tail length formation was determined 
for a number of polyphenols at a fixed concentration of 50fiM. The least 
efficient among these was found to be tannic acid and the most effective was 
diadzin. The differential rate of nuclear DNA degradation by the 
polyphenols tested is possibly the result of differential copper binding and 
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copper reducing efficiency of various polyphenols (Ahmad et al., 1992) as 
well as their affinity for DNA binding (Rahman et al., 1990). H2O2 
production by the polyphenols (in the absence of nuclei, in 0.4 M phosphate 
buffer, the suspension medium of nuclei) at the same concentration was also 
determined. As can be seen in table 1, tannic acid is the most efficient 
generator of H2O2 but is least effective as a DNA degrading agent and no 
correlation exists between the relative H2O2 production and the DNA tail 
length formation by the various polyphenols. 
Effect of neocuproine and bathocuproine on EGCG-induced DNA 
breakage in lymphocytes and lymphocyte nuclei: 
In a previous study (Azmi et al., 2006), we have shown that resveratrol 
mediated DNA degradation of lymphocyte DNA is inhibited by neocuproine 
which is a Cu(I) specific chelating agent and is membrane permeable 
(Brabouti et al., 2001; Stefan et al., 1995). In the experiment shown in figure 
33, I have also used bathocuproine disulphonate, the water soluble 
membrane impermeable analog of neocuproine to show that whereas 
neocuproine inhibits EGCG-induced DNA breakage in intact lymphocytes, 
bathocuproine as expected is ineffective in causing such inhibition (figure 
33A). However, when these two copper specific chelators were tested for 
DNA breakage inhibition in lymphocyte nuclei, both were found to inhibit 
DNA breakage in a dose dependent manner (figure 33B). Another set of 
experiment was performed using resveratrol instead of EGCG (figure 34 
A&B). In order to get an appreciable degree of cellular DNA breakage that 
could be measured by Comet assay, the concentration of resveratrol used in 
lymphocytes (figure 34 A) was 200 ^M as opposed to 50 ^M EGCG (figure 
33 A). Also, in lysed version (figure 34 B), 50^M resveratrol has been used, 
as this concentration was sufficient to cause significant DNA breakage. As 
seen, results similar to those in figure 33 were obtained. These results further 
confirm that oxidative DNA breakage by plant polyphenols involves 
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mobilization of chromatin bound copper and that Cu(I) is an intermediate in 
the pathway that leads to DNA breakage. 
Effect of active oxygen scavengers on resveratrol/EGCG-induced DNA 
breakage in lymphocyte nuclei : 
We have previously shown (Azmi et al., 2006) that resveratrol-induced 
DNA breakage in intact lymphocytes is inhibited to significant degrees by 
various scavengers of reactive oxygen species. Table 2 and table 3 gives the 
results of an experiment where various scavengers (superoxide dismutase 
(SOD), catalase, thiourea, potassium iodide and sodium azide) were tested 
for their effect on resveratrol/EGCG-induced DNA breakage in lymphocyte 
nuclei using the lysed version of Comet assay. SOD and catalase remove 
superoxide and H2O2 respectively. Sodium azide is a scavenger of singlet 
oxygen and potassium iodide and thiourea remove hydroxyl radicals. All 
scavengers caused significant inhibition of DNA breakage as evidenced by 
decreased tail lengths. It may be mentioned that due to the site specific 
nature of the reaction of hydroxyl radicals with DNA it is difficult for any 
trapping molecules to intercept them completely (Czene et al., 1997). The 
results indicate that superoxide anion and H2O2 are essential components in 
the pathway that leads to the formation of hydroxyl radical and other species 
which would be the proximal DNA cleaving agents. It is suggested that a 
mechanism involving reactive oxygen species is responsible for DNA 
breakage in lymphocyte nuclei by polyphenols. 
Determination of TBARS as a measure of oxidative stress in nuclei by 
EGCG and resveratrol in the presence of neocuproine and thiourea : 
As mentioned in table 2 and table 3, we presume that the DNA breakage 
observed in lymphocyte nuclei is the result of the generation of hydroxyl 
radicals and other reactive oxygen species. Oxygen radical damage to 
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deoxyribose or DNA is considered to give rise to TBA reactive material 
(Smith et al., 1992; Quinlan and Gutteridge, 1987). I have therefore 
determined the formation of TBA reactive substance (TEARS) as a measure 
of oxidative stress in lymphocyte nuclei with increasing concentrations of 
EGCG/resveratrol. The effect of preincubating the nuclei with neocuproine 
and thiourea was also studied. Results given in figure 35A show a dose 
dependant increase in the formation of TBA reactive substance in 
lymphocyte nuclei by EGCG. A similar result was seen when resveratrol 
instead of EGCG was used in the experiment (figure 35B). However, a 
considerable decrease in the rate of formation of TEARS was observed in 
the presence of neocuproine and thiourea. The results indicate that DNA 
breakage in nuclei is inhibited by Cu(I) chelation and scavenging of reactive 
oxygen. Thus it may be concluded that the oxidative stress induced by 
polyphenols in lymphocyte nuclei is at least in part mediated by chromatin 
bound copper. 
Effect of desferrioxamine mesylate and histidine on resveratrol-induced 
DNA breakage in lymphocytes as measured by Comet assay : 
It may be mentioned that Fe and Cu are the most redox active of the 
metal ions in living cells. Also, copper and zinc are the major metal ions 
present in the nucleus (Bryan, 1979). To examine the possible involvement 
of iron and zinc in polyphenol-induced DNA breakage, the effect of 
desferrioxamine mesylate (a Fe(II) specific chelator) and histidine (a zinc 
specific chelator) has been seen on resveratrol-induced DNA breakage in 
lymphocytes. The results of figure 36 (A&B) indicate that desferrioxamine 
mesylate as well as histidine were unable to inhibit resveratrol-induced DNA 
breakage in lymphocytes suggesting that polyphenols mobilize endogenous 
copper ions leading to oxidative DNA breakage (figure 34A). 
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Effect of desferrioxamine mesylate and histidine on resveratrol-induced 
DNA breakage in lymphocyte nuclei as measured by Comet assay : 
As mentioned earlier, copper and zinc are the major metal ions present in the 
nucleus (Bryan, 1979). Thus, the effect of desferrioxamine mesylate (a 
Fe(II) specific chelator) and histidine (a zinc specific chelator) has also been 
seen on resveratrol-induced DNA breakage in lymphocyte nuclei. The 
results of figure 37 (A&B) indicate that desferrioxamine mesylate as well as 
histidine were again unable to inhibit resveratrol-induced DNA breakage in 
lymphocyte nuclei suggesting that polyphenols mobilize chromatin bound 
copper leading to oxidative DNA breakage (figure 34B). 
Standardization of TBHP-induced oxidative stress in lymphocytes as 
measured by Comet assay : 
TBHP (Tert-butylhydroperoxide) is a well known inducer of ROS mediated 
oxidative stress that results in DNA damage (Dubuisson et al., 2000; Suzuki 
et al., 2000). In the work presented here, TBHP has been used to generate 
ROS mediated oxidative stress in lymphocytes in order to study the 
antioxidant potential of various polyphenols. Comet assay has been used to 
measure the degree of DNA breakage induced by TBHP generated ROS. In 
the experiment shown in figure 38, untreated cells are not damaged and do 
not show comet tail lengths while increasing concentrations of TBHP lead to 
a progressive increase in comet tail lengths as a measure of DNA breakage. 
Another experiment was performed in which inhibition of TBHP-induced 
DNA breakage was observed using ascorbic acid which is a known 
antioxidant. As can be seen from figure 39, ascorbic acid is able to inhibit 
DNA breakage in lymphocytes and hence TBHP-induced oxidative injury. 
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Antioxidant activity of polyphenols against TBHP-induced oxidative 
stress in lymphocytes : 
Figure 40 and figure 41 shows the experiment where I have evaluated the 
antioxidant potential of stilbenes and tea catechins in providing protection to 
lymphocytes against TBHP-induced oxidative injury. Figure 40 compares 
the antioxidant activities of resveratrol and trans-stilbene. Whereas 
resveratrol was able to inhibit the TBHP-induced lymphocyte DNA 
degradation to a considerable degree, its parent compound trans-stilbene was 
not active to the same extent. The results indicate that resveratrol is a more 
effective antioxidant as compared to trans-stilbene. In another experiment 
(figure 41), the antioxidant potential of tea catechins namely epicatechin 
(EC), epigallocatechin (EGC) and EGCG were compared. It was seen that 
their antioxidant activities appeared in the following order: EGCG > EGC > 
EC. The results indicate that EGCG is the most effective and potent 
antioxidant among the tea catechins. 
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Figure 27. Standardization of Lysed version of Comet Assay with H2O2: 
C D 
Lymphocyte nuclei were incubated with the reaction mixture (2.0 ml) 
containing 0.4 M phosphate buffer (pH 7.5) and indicated concentrations of 
H2O2 (0-20 \M) at 37 °C for 30 min and processed further for lysed version 
of Comet Assay as described in "Methods". 
Photographs of comets (lOOx) obtained on incubating lymphocyte nuclei 
with varying concentrations of H2O2. 
(A) Untreated lymphocytes 
(B) Lymphocytes + 05 i^M H2O2 
(C) Lymphocytes + 10 ^M H2O2 
(D) Lymphocytes + 20 ^M H2O2 
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Figure 28. Standardization of Lysed version of Comet Assay with H2O2: 
10 20 
HzOzfMM) 
Lymphocyte nuclei were incubated with the reaction mixture (2.0 ml) 
containing 0.4 M phosphate buffer (pH 7.5) and indicated concentrations of 
H2O2 (0-20 |iM) at 37 °C for 30 min and processed further for lysed version 
of Comet Assay as described in "Methods". Comet tail length (fi metres) is 
plotted as a function of increasing concentrations of H2O2 (0-20 ^M). All 
points represent mean of three independent experiments. Error bars denote ± 
SEM. P value < 0.05 and significant when compared to untreated control. 
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Figure 29. Comparison of DNA breakage by EGCG in intact 
lymphocytes and lymphocyte nuclei as measured by Comet 
assay : 
(A) (B) 
a a' 
b' 
Single cell gel electrophoresis of human peripheral lymphocytes (A) and 
lymphocyte nuclei (B) showing comets (lOOx) after treatment with EGCG 
(50^M). The incubation of lymphocytes and lymphocyte nuclei with EGCG 
wasforlhrat37°C. 
(a) Untreated lymphocytes 
(b) Lymphocytes + 50 i^M EGCG 
(a') Untreated lymphocyte nuclei 
(b') Lymphocyte nuclei + 50 ^M EGCG 
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Figure 30. Comparison of DNA breakage by EGCG in intact 
lymphocytes and lymphocyte nuclei as measured by Comet 
assay: 
50 
EGCG (MM) 
Lymphocytes / lymphocyte nuclei were incubated with the reaction mixture 
(2.0 ml) containing PBS (Ca^ "^  and Mg^ ^ free) (standard version) / 0.4 M 
phosphate buffer (pH 7.5) (lysed version) respectively and indicated 
concentrations of EGCG (0-100 |iM) at 37 °C for 1 hr and processed further 
for Comet Assay as described in "Methods". Comet tail length (p metres) is 
plotted as a function of increasing concentrations of EGCG (0-100 pM) in 
lymphocytes (^) and lymphocyte nuclei (•). All points represent mean of 
three independent experiments. Error bars denote ± SEM. P value < 0.05 
and significant when compared to untreated control. 
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Figure 31. Comparison of various polyphenols on the induction of DNA 
breakage in lymphocyte nuclei: 
20 
Polyphenols (|JM) 
Lymphocyte nuclei were incubated with the reaction mixture (2.0 ml) 
containing 0.4 M phosphate buffer (pH 7.5) and indicated concentrations of 
different polyphenols, gallic acid (•), EGCG (A), aloin {<>), resveratrol (D) 
at 37 °C for 1 hr and processed further for lysed version of Comet Assay as 
described in "Methods". Values reported are ± SEM of three independent 
experiments. P value < 0.05 and significant when compared to untreated 
control. 
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Figure 32. Effect of preincubating the lymphocyte nuclei with 
increasing concentrations of EGCG (A) and resveratrol (B) 
on DNA breakage : 
EGCG (MM) 
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Lymphocyte nuclei were preincubated with reaction mixture (2.0 ml) 
containing 0.4 M phosphate buffer (pH 7.5) and indicated concentrations of 
EGCG (A) and resveratrol (B) for 15 min at 37 "C. The slides were then 
washed twice for 5 min each with PBS and further incubated for 30 min in 
the presence of SfxM Cu(II) (A). The other set which served as control was 
further incubated in PBS alone (D). Values reported are ± S.E.M. of three 
independent experiments. P value < 0.05 and significant when compared to 
untreated control. 
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Table 1. Comet tail length formation in lymphocyte nuclei and relative 
H2O2 production by various polyphenols in incubation 
medium of nuclei: 
All values represent S.E.M. of three independent experiments. 
P-values < 0.05 when compared to control. 
1 Polyphenol 
(50 ]iM) 
Untreated 
Daidzein 
Gallic acid 
Delphinidin 
EGCG 
Caffeic acid 
Resveratrol 
Tannic acid 
Tail length 
(^imetres) 
1.45 ±0.11" 
36.40 ± 3.05* 
30.21 ± 0.24* 
28.17 ±2.67* 
24.32 ± 2.29* 
24.03 ±2.10* 
20.38 ± 1.73* 
12.64 ± 0.96* 
H2O2 production 
(n moles) 
0.00 
1.46 
1.97 
0.19 
10.81 
0.61 
1.65 
13.35 
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Figure 33. Effect of neocuproine/bathocuproine on EGCG-induced DNA 
breakage in lymphocytes (A) and lymphocyte nuclei (B): 
(A) 
20 30 40 
Neocuproine/Bathocuproine (pM) 
(B) 
30 40 
Neocuproine/Bathocuproine (pM) 
50 
Lymphocyte / lymphocyte nuclei were incubated with the reaction mixture 
(2.0 ml) containing EGCG (50 |iM) and indicated concentrations of 
neocuproine / bathocuproine (0-50 |iM) at 37 °C for 1 hr and processed 
further for Comet Assay. Comet tail length (^ metres) is plotted as a 
function of increasing concentrations of neocuproine (D) and bathocuproine 
(A) in lymphocytes (A) and lymphocyte nuclei (B). Values reported are ± 
SEM of three independent experiments. P value < 0.05 and significant when 
compared to untreated control. 
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Figure 34. Effect of neocuproine/bathocuproine on resveratrol-induced 
DNA breakage in lymphocytes (A) and lymphocyte nuclei 
(B): 
(A) 
100 200 300 
Neocuproine/Bathocuproine (pM) 
400 
(B) 
10 20 30 
Neocuproine/Bathocuproine (pIVI) 
Lymphocyte / lymphocyte nuclei were incubated with the reaction mixture 
(2.0 ml) containing resveratrol (200 ^M [A] / 50 piM [B]) and indicated 
concentrations of neocuproine / bathocuproine at 37 °C for 1 hr and 
processed further for Comet Assay. Comet tail length {\!i metres) is plotted 
as a function of increasing concentrations of neocuproine (D) and 
bathocuproine (A) in lymphocytes (A) and lymphocyte nuclei (B). Values 
reported are ± SEM of three independent experiments. P value < 0.05 and 
significant when compared to untreated control. 
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Table 2. Effect of scavengers of active oxygen species on EGCG-induced 
DNA breakage in lymphocyte nuclei: 
Dose 
Untreated 
EGCG (50^M) 
+Sodium Azide (ImM) 
+Catalase (lOOjig/ml) 
+Potassium Iodide 
(ImM) 
+Thiourea (ImM) 
+SOD (lOOfig/ml) 
Tail Length 
(^m) 
1.12 ± 0.03 
24.91 ± 1.41* 
5.59 ± 0.32* 
7.66 ± 0.22* 
10.34 ±0.91* 
8.49 ± 0.35* 
5.04 ±0.29* 
% Inhibition 
-
-
77% 
69% 
58% 
66% 
79% 
All values represent S.E.M. of three independent experiments. 
*P values < 0.05 when compared to control . 
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Table 3. Effect of scavengers of active oxygen species on resveratrol-
induced DNA breakage in lymphocyte nuclei: 
Dose 
Untreated 
Resveratrol (SO^ iM) 
+Sodium Azide (ImM) 
+Catalase (lOO^g/ml) 
+Potassium Iodide 
(ImM) 
+Thiourea (ImM) 
+SOD (lOOjig/ml) 
Tail Length 
(jim) 
1.41 ± 0.03 
21.17*1.3" 
6.02 ± 0.56* 
6.54 ±0.44* 
9.17 ±0.88* 
7.56 ± 0.74* 
5.56 ± 0.52* 
% Inhibition 
-
-
72% 
69% 
57% 
64% 
73% 
All values represent S.E.M. of three independent experiments. 
*P values < 0.05 when compared to control. 
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Figure 35. Effect of preincubation of lymphocyte nuclei with 
neocuproine and thiourea on TEARS generated by 
increasing concentrations of EGCG (A) and resveratrol (B): 
200 
EGCG(nM) 
B 
100 150 
Resveratrol (fjM) 
200 
The nuclei suspension was preincubated with fixed concentration of 
neocuproine and thiourea for 30 min at 37 °C after which it was further 
incubated for Ihr in the presence of increasing concentrations of EGCG (A) 
and resveratrol (B). Polyphenol alone (•), polyphenol + neocuproine (1 
mM) (D), polyphenol + thiourea (1 mM) (A). Values reported are ± SEM of 
three independent experiments. P value < 0.05 and significant when 
compared to control. 
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Figure 36. Effect of desferrioxamine mesylate (A) and histidine (B) on 
resveratrol-induced DNA breakage in lymphocytes : 
(A) 
SI 
4-1 
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^ 20^ 
E 
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i 
100 
Lymphocytes were incubated with the reaction mixture (2.0 ml) containing 
PBS (Ca^^and Mg^^free), resveratrol (200 i^M) and indicated concentrations 
of desferrioxamine mesylate (A) / histidine (B) (0-100 j^ M) at 37 T for 1 hr. 
Comet tail length {\i metres) is plotted as a function of increasing 
concentrations of desferrioxamine mesylate (•) and histidine (^) in 
lymphocytes. Values reported are ± SEM of three independent experiments. 
P value < 0.05 and significant when compared to untreated control. 
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Figure 37. Effect of desferrioxamine mesylate (A) and histidine (B) on 
resveratrol-induced DNA breakage in lymphocyte nuclei: 
(A) 25 n 
^ 20 
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J 10 H 
-F-f ^ i 
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Histidine (pIVI) 
Lymphocyte nuclei were incubated with the reaction mixture (2.0 ml) 
containing 0.4 M phosphate buffer (pH 7.5), resveratrol (50 jiM) and 
indicated concentrations of desferrioxamine mesylate (A) / histidine (B) (0-
100 ^M) at 37 T for 1 hr. Comet tail length (iJ metres) is plotted as a 
function of increasing concentrations of desferrioxamine mesylate (•) and 
histidine (^) in lymphocyte nuclei. Values reported are ± SEM of three 
independent experiments. P value < 0.05 and significant when compared to 
untreated control. 
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Figure 38. DNA breakage induced by TBHP in lymphocytes as 
measured by Comet assay : 
25 50 
TBHP (pM) 
Reaction mixture (1.0 ml) containing lymphocytes, PBS (Ca^ "^  and Mg^ ^ 
free) and indicated concentrations of TBHP (0-100 ^M) was incubated at 37 
°C for 1 hr and processed further for Comet Assay as described in 
"Methods". Comet tail length (|i metres) is plotted as a function of 
increasing concentrations of TBHP (0-100 pM). All points represent mean 
of three independent experiments. Error bars denote ± SEM. P value < 0.05 
and significant when compared to control. 
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Figure 39. Antioxidant activity of ascorbic acid against TBHP-induced 
DNA breakage in lymphocytes as measured by Comet assay: 
_, _. _ 
10 
\ • - \ ' 
20 30 
Ascorbic acid {\M) 
1 . . . . -
40 
- • • 1 
50 
9+ 7+ 
Reaction mixture (1.0 ml) containing lymphocytes, PBS (Ca and Mg 
free) and indicated concentrations of ascorbic acid (0-50 JJM) was incubated 
at 37 °C for 30 min. After pelleting, the cells were washed twice with PBS 
(Ca^ ^ and Mg^ "^  free) before resuspension in PBS and further incubated for 
30 min in the presence of 50 |iM TBHP. Comet tail length (\i metres) is 
plotted as a function of increasing concentrations of ascorbic acid (0-50 
fiM). All points represent mean of three independent experiments. Error bars 
denote ± SEM. P value < 0.05 and significant when compared to control. 
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Figure 40. Comparison of antioxidant activities of stilbenes against 
TBHP-induced DNA breakage in lymphocytes as measured 
by Comet assay: 
20 30 
Resveratrol/Stilbene (\M) 
Reaction mixture (1.0 ml) containing lymphocytes, PBS (Ca and Mg 
free) and indicated concentrations of trans-stilbene / resveratrol (0-50 \M) 
was incubated at 37 °C for 30 min. After pelleting, the cells were washed 
twice with PBS (Ca^ "*^ and Mg^ "^  free) before resuspension in PBS and further 
incubated for 30 min in the presence of 50 \iM TBHP. Comet tail length (fj 
metres) is plotted as a function of increasing concentrations of trans-stilbene 
{^) and resveratrol (•). All points represent mean of three independent 
experiments. Error bars denote ± SEM. P value < 0.05 and significant when 
compared to control. 
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Figure 41. Comparison of antioxidant activities of tea polyphenols 
against TBHP-induced DNA breakage in lympiiocytes as 
measured by Comet assay : 
10 20 
EC/EGC/EGCG (pM) 
30 
Reaction mixture (1.0 ml) containing lymphocytes, PBS (Ca^ ^ and Mg^ "^  
free) and indicated concentrations of epigaliocatechin / epicatechin / EGCG 
(0-50 \iM) was incubated at 37 °C for 30 min. After pelleting, the cells were 
washed twice with PBS (Ca^ "^  and Mg^ "^  free) before resuspension in PBS and 
further incubated for 30 min in the presence of 50 |xM TBHP. Comet tail 
length (|i metres) is plotted as a function of increasing concentrations of 
epicatechin (•), epigaliocatechin (^) and EGCG (•). All points represent 
mean of three independent experiments. Error bars denote ± SEM. P value < 
0.05 and significant when compared to control. 
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Over the last several years, this laboratory has extensively characterized a 
DNA cleavage reaction mediated by a number of plant polyphenols in the 
presence of copper ions (Rahman et al., 1989; Khan and Hadi, 1998; Ahsan 
and Hadi, 1998; Ahmad et al., 2000; Azam et al., 2004). Subsequently, using 
human peripheral lymphocytes and Comet Assay, it has been confirmed that 
the polyphenol resveratrol in the presence of Cu(II) is indeed capable of 
DNA degradation in a cellular system (Azmi et al., 2005). Further, it has 
also been shown that plant polyphenols alone are capable of oxidatively 
degrading lymphocyte DNA through mobilization of cellular copper (Azmi 
et al., 2006). The major conclusions of the experiments performed in this 
chapter are (i) polyphenols are capable of DNA breakage in cell nuclei 
through mobilization of nuclear copper, (ii) polyphenols are able to directly 
interact with nuclei and cause DNA degradation (iii) such DNA breakage is 
caused by the generation of reactive oxygen species (ROS) (iv) polyphenol-
induced DNA degradation involves mobilization and redox cycling of 
chromatin bound copper (v) prooxidant activity of plant polyphenols 
correlates with its antioxidant potential. 
As already mentioned, several classes of plant derived antioxidant 
polyphenols also exhibit oxidative DNA degradation properties particularly 
in the presence of transition metal ions such as copper. Evidence in the 
literature suggests that antioxidant properties of these compounds may not 
fully explain their anticancer effects (Gali et al., 1992; Ahmad et al., 2000). 
It is to be noted that the polyphenol gallic acid is highly efficient in DNA 
degradation as compared with syringic acid (where two of the hydroxyl 
groups of gallic acid are modified) (Khan and Hadi, 1998). Interestingly, 
modifications of phenolic hydroxyl groups such as that resulting in the 
formation of syringic acid abolishes the apoptosis inducing capacity of gallic 
acid (Inoue et al., 1994). It may also be mentioned that piceatannol which is 
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a tetra-hydroxy derivative of resveratrol is also a potent inducer of apoptosis 
in human SK-Mel-28 melanoma cells (Larrosa et al., 2004). Indeed it has 
been shown that resveratrol is converted to piceatannol by cytochrome P-
450 enzyme CYPIBI from human lymphoblast microsomes (Potter et al., 
2002). Also, Dong (2003) has shown that penta-hydroxy derivative of 
resveratrol was more effective as an inhibitor of EGF-induced cell 
transformation as compared with resveratrol. Another study with EGCG has 
shown that alkyl gallate and gallamide derivatives of EGCG were more 
potent in inducing apoptosis in HL-60 cells than EGCG (Dodo et al., 2008). 
The result (figure 32) presented in this study also suggests that the DNA 
cleavage property of polyphenols is dependent on the presence and number 
of hydroxy 1 groups. Further, experimental evidence suggests that 
polyphenols are able to enter the nuclear space and directly interact with the 
chromatin. A model for the entry and interaction of phenols with chromatin-
associated copper has also been described (Li and Trush, 1994). The ability 
of gallotannins to enter the cell is indicated by the observation that tannic 
acid prevents formation of the benz(a)pyrene-DNA adduct by inhibiting the 
binding of the ultimate carcinogen to target tissue DNA rather than by 
altering the metabolism of benz(a)pyrene (Mukhtar et al., 1998). 
Most of the plant polyphenols possess both antioxidant as well as prooxidant 
properties (Inoue et al., 1994, Ahmad et al., 1992). Therefore, I have also 
examined the antioxidant potential of resveratrol and EGCG along with their 
prooxidant action. The results indicate that resveratrol is a more effective 
antioxidant than its parent compound trans-stilbene. Earlier studies in this 
laboratory have already shown that resveratrol is also a more potent DNA 
cleaving agent than trans-stilbene (Azmi et al., 2005). Similar results were 
obtained with tea catechins where EGCG has the highest antioxidant activity 
when compared with EGC and EC. Also, EGCG exhibits greater prooxidant 
activity among the catechins (Azam et al., 2004). Thus, it can be concluded 
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that the properties that confer antioxidant activity to polyphenols are also the 
ones responsible for their prooxidant action. 
Based on our own observations and those of others, we have earlier 
proposed a mechanism for the cytoyoxic action of plant polyphenols against 
cancer cells that involves mobilization of endogenous copper and the 
consequent prooxidant action (Hadi et al., 2000). This idea is strengthened 
by a number of other observations in literature. Copper is a major metal ion 
present in the nucleus (Bryan, 1979; Ebadi and Swanson, 1988) and serum 
(Yoshida et al., 1993) and tissue (Nazulewis et al., 2004) concentrations of 
copper are greatly increased in various malignancies. Copper ions from 
chromatin can be mobilized by metal chelating agents giving rise to 
intemucleosomal DNA fragmentation, a hallmark property of cells 
undergoing apoptosis (Burkitt et al., 1996). Further, it has been proposed 
that most clinically used anticancer drugs can activate late events of 
apoptosis (DNA degradation and morphological changes) and the essential 
signaling pathways differ between pharmacological cell death and 
physiological induction of cell death (Smets, 1994). The major conclusion 
drawn from this chapter is that plant polyphenols mobilize nuclear copper 
leading to oxidatively generated DNA breakage. There are a number of 
observations which suggest that this is indeed the case. The generation of 
hydroxyl radicals in the proximity of DNA is well established as a cause of 
strand scission. It is generally recognized that such reaction with DNA is 
preceded by the association of a ligand with DNA followed by the formation 
of hydroxyl radicals at that site. Among the oxygen radicals, the hydroxyl 
radical is the most electrophilic with high reactivity and therefore possesses 
a small diffusion radius. Thus, in order to cleave DNA it must be produced 
in the vicinity of the DNA (Pryor, 1988). The location of the redox-active 
metals is of utmost importance for the ultimate effect, because the hydroxyl 
radical, due to its extreme reactivity, interacts exclusively in the vicinity of 
the bound metal (Chevion, 1988). Indeed, it has already been shown that 
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flavonoids are able to form a ternary complex with DNA and Cu(II) where 
Cu(II) is reduced to Cu(I) (Rahman et al., 1989). Polyphenols are known to 
reduce molecular oxygen to superoxide anion leading to the formation of 
H2O2 (Ahmad et al., 1992). Superoxide can also be formed by reoxidation of 
Cu(I) to Cu(II) in the ternary complex (Rahman et al., 1989). Chromatin 
bound copper is understood to be present in the reduced form (Cu(I)) (Lewis 
and Laemelli, 1982) and thus would be available for reoxidation to Cu(II) by 
H2O2 in the Fenton type reaction and binding to polyphenols and recycling. 
It is well known that polyphenols autooxidize in cell culture media to 
generate H2O2 and quinones that could enter cells/nuclei causing damage to 
various macromolecules (Long et al., 2000; Halliwell, 2003; Clement et al., 
2002). This may lead to extracellular production of reactive oxygen species 
that could account for lymphocyte DNA breakage. However, this does not 
appear to be the case in our system since I have shown that DNA breakage is 
not observed in lymphocyte nuclei on preincubating them with EGCG/ 
resveratrol alone upto a concentration of 10 fiM. DNA breakage could only 
be seen after incubating the pre-treated cells further in the presence of Cu(II) 
(figure 33 A&B). Further, the results in table 1 indicate that there is no 
correlation between the relative H2O2 production and the DNA tail length 
formation by the various polyphenols. 
Fe^ "^  and Cu^^  are the most redox-active of the metal ions in living cells. 
Although iron is considerably more abundant in biological systems, the 
major ions in the nucleus are copper and zinc (Bryan, 1979). The 
polyphenol-induced DNA breakage is inhibited by copper specific chelators 
(neocuproine and bathocuproine) whereas iron and zinc chelators 
(desferrioxamine mesylate and histidine respectively) were unable to do so 
thereby strongly suggesting that polyphenol-induced cellular DNA breakage 
involves nuclear copper. 
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Mobilization of nuclear copper by 
resveratrol and oxidative breakage of 
cellular DNA: demonstration using 
permeabilized lymphocytes and 
Comet assay. 
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Standardization of Comet assay in permeabilized lymphocytes with 
H2O2: 
In the previous chapter, I have used a lysed version of Comet assay and have 
demonstrated the direct interaction of polyphenols with cell nuclei that leads 
to an enhanced oxidative breakage. However, since the lysed version 
required the preparation of cell nuclei at an alkaline pH, there existed a 
possibility that the cellular DNA might undergo some structural changes 
which might be responsible for the observed degradation of DNA. Hence, in 
this chapter, I have used permeabilized lymphocytes which allow the direct 
interaction of the polyphenol with cell nuclei at physiological pH. I have 
prepared permeabilized lymphocytes by the method described by Czene et 
al. (1997). In order to standardize the Comet Assay in permeabilized 
lymphocytes, an experiment was performed with H2O2. The results of the 
experiment are plotted as comet tail length ()im) as a function of increasing 
H2O2 concentrations. As can be seen from figure 42, untreated permeabilized 
lymphocytes were not damaged and do not show a significant tail. However, 
with increasing concentrations of H2O2, a considerable increase in the length 
of comet tails is observed. 
DNA breakage by resveratrol in cellular and permeabilized 
lymphocytes as measured by Comet assay : 
We have already shown that various classes of polyphenols on incubation 
with human peripheral lymphocytes are able to degrade cellular DNA and 
that such degradation can be measured by comet assay (Hanif et al., 2008; 
Azmi et al., 2006). Increasing concentrations of resveratrol (10, 20, 50 \M) 
were tested for DNA breakage in isolated lymphocytes using alkaline single 
cell gel electrophoresis (Comet assay). As can be seen in figure 43, 
resveratrol alone did not cause any significant DNA breakage in intact 
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lymphocytes at the concentrations used. I further tested the effect of 
resveratrol on permeabililized lymphocytes at the same concentrations 
(figure 43). Use of permeabilized lymphocytes allows the direct interaction 
of the polyphenol with cell nuclei at physiological pH eliminating the need 
to first lyse the cells at alkaline pH and then resuspending them at neutral pH 
as we have done previously (Chapter II; Shamim et al., 2008). Thus, 
considerably greater DNA breakage should be observed in permeabilized 
lymphocytes as compared to the intact cells. The results indicate that the rate 
of tail formation induced by resveratrol is greater in the case of 
permeabilized lymphocytes suggesting that the polyphenol is able to interact 
with the nuclei when a permeabilized system is used. 
Effect of reactive oxygen scavengers on resveratrol-induced DNA 
breakage in permeabilized lymphocytes : 
In table 3 (Chapter II), I had shown that resveratrol-induced DNA breakage 
is inhibited to significant degrees by various scavengers of reactive oxygen 
species in lymphocyte nuclei using lysed version of Comet assay. Table 4 
shows the result of an experiment where the effect of catalase, superoxide 
dismutase (SOD) and thiourea were tested on resveratrol-induced DNA 
degradation in permeabilized lymphocytes. All three caused significant 
inhibition of DNA breakage as evidenced by the decreased tail length of 
comets. Catalase and SOD remove H2O2 and superoxide respectively, and 
thiourea removes hydroxyl radicals. From the data, we conclude that the 
resveratrol-induced cellular DNA degradation is the result of the formation 
of reactive oxygen species of which superoxide anion and the hydroxyl 
radical are the proximal DNA damaging agents. It is to be noted that the 
generation of superoxide anion may spontaneously lead to the formation of 
H2O2 which in turn causes the formation of hydroxyl radical through 
oxidation of reduced transition metals such as copper (Fenton reaction) 
(Badway and Kamovsky, 1980). Since the results are similar to those seen 
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with lymphocyte nuclei, it is suggested that the same mechanism involving 
reactive oxygen species is responsible for DNA breakage irrespective of 
whether lymphocyte nuclei or permeabilized lymphocytes are treated with 
resveratrol. 
Effect of metal-specific chelators on resveratrol-induced DNA breakage 
in cellular and permeabilized lymphocytes : 
In the experiment shown in table 5, I have used various metal-specific 
chelators, which selectively bind to copper, iron and zinc, to study their 
effect on resveratrol-induced DNA degradation in whole lymphocytes as 
well as in permeabilized cells. In whole cells, a clear inhibition of DNA 
degradation was observed with neocuproine (a cell membrane permeable 
Cu(I) specific chelator). Further, no such inhibition was seen with 
bathocuproine (a water soluble membrane impermeable analogue of 
neocuproine), desferrioxamine mesylate (a Fe(II) specific chelator) and 
histidine (a zinc specific chelator). However, in permeabilized lymphocytes, 
both neocuproine and bathocuproine were found to inhibit the DNA 
breakage while iron and zinc chelators were still ineffective in causing such 
inhibition. Bathocuproine disulphonic acid, which is impermeable to cell 
membrane, may freely traverse through permeabilized cells to directly 
interact with the cell nuclei. Further, it may be noted that the nuclear pore 
complex is permeable to small molecules. Therefore, these results suggest 
that irrespective of whether lymphocyte nuclei or permeabilized 
lymphocytes are used, polyphenols specifically mobilizes chromatin bound 
copper leading to oxidative DNA breakage. 
pH dependent copper mobilization in permeabilized lymphocytes : 
As already shown, using either intact lymphocytes (Azmi et al., 2006) or 
lymphocyte nuclei (Shamim et al., 2008), polyphenols mobilize chromatin 
bound copper leading to oxidative breakage of cellular DNA. Czene et al. 
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(1997) have stated that acidic pH enhances apoptosis in cells through the 
activation of an endonuclease. Further, the author also suggested an 
alternative mechanism involving redox activity of endogenous metals, as 
apoptosis induction at low pH was shown to be inhibited by metal chelators. 
Therefore, I tested the effect of acidic pH on copper mobilization and DNA 
breakage by resveratrol. As can be seen from figure 44, a greater degree of 
DNA damage is observed at pH 6.5 than at physiological pH (pH 7.5). 
However, as explained below, this effect does not appear to be due to the 
activation of an endonuclease but possibly due to the reduced affinity of 
copper for chromatin and the consequent enhanced efficiency of 
mobilization by resveratrol. 
Effect of chelators on resveratroi-induced DNA breakage at pH 6.5 in 
permeabilized lymphocytes: 
It is presumed that the acidic milieu may facilitate the mobilization of 
chromatin bound copper by polyphenols which contributes to a higher 
degree of DNA breakage induced by resveratrol. Therefore, the role of major 
intracellular metals, including copper, in the observed DNA breakage, was 
assessed using their specific chelators. The results in table 6 clearly give an 
indication of the involvement of copper but not iron or zinc in the induction 
of a greater degree of DNA breakage by resveratrol at lower pH. The results 
are also in concurrence with the observation made by Czene et al. (1997) 
where 1,10 phenanthroline but not desferrioxamine mesylate inhibited DNA 
breakage induced by acidic pH. It is also known that copper is an important 
metal ion present in chromatin and is closely associated with DNA bases 
particularly guanine (Kagawa et al., 1991). At low pH, protonation on N-7 
of guanine may cause rotation of guanine out of the helix (Courtois et al., 
1968) thus possibly facilitating the mobilization of copper by resveratrol. 
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Figure 42. Standardization of Comet Assay using a system of 
permeabilized lymphocytes : 
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Permeabilized lymphocytes were incubated with the reaction mixture (2.0 
ml) containing 0.4 M phosphate buffer (pH 7.5) and indicated 
concentrations of H2O2 (0-20 |iM) at 37 °C for 30 min and processed further 
for Comet Assay as described in "Methods". Comet tail length {\i metres) is 
plotted as a function of increasing concentrations of H2O2 (0-20 \iM). All 
points represent mean of three independent experiments. Error bars denote ± 
SEM. P value < 0.05 and significant when compared to control. 
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Figure 43. Comparison of DNA breakage by resveratrol in intact 
lymphocytes and permeabilized lymphocytes as measured by 
Comet assay : 
20 30 
Resveratrol (|JM) 
Permeabilized lymphocytes / intact lymphocytes were incubated with the 
reaction mixture (2.0 ml) containing 0.4 M phosphate buffer (pH 7.5) / PBS 
(Ca and Mg free) and indicated concentrations of resveratrol (0-50 \iM) at 
37 °C for 30 min / 1 hr respectively and processed further for Comet Assay 
as described in "Methods". Comet tail length (|i metres) is plotted as a 
function of increasing concentrations of resveratrol in intact lymphocytes (o) 
and permeabilized lymphocytes (•). All points represent mean of three 
independent experiments. Error bars denote ± SEM. P value < 0.05 and 
significant when compared to control. 
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Table 4. Effect of scavengers of active oxygen species on resveratrol-
induced DNA breakage in a system of permeabilized 
lymphocytes : 
Dose 
Untreated 
Resveratrol 
(50|aM) 
+SOD (lOO^g/ml) 
+Catalase (lOO i^g/ml) 
+Thiourea (ImM) 
Tail length (fim) 
2.53 ± 0.03 
30.48 ± 2.33" 
11.02 ± 2.05* 
13.31 ± 1.95* 
9.68 ±1.21* 
% Inhibition 
~ 
-
56.33% 
63.84% 
68.24% 
All values represent S.E.M. of three independent experiments. 
*P values < 0.05 when compared to controf. 
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Table 5. Effect of metal-specific chelators on resveratrol-induced DNA 
breakage in cellular and permeabilized lymphocytes : 
Whole Lymphocytes 
Resveratrol Chelator Control Tail % of 
(50 ^M) (100 ;tM) length (nm) Control 
Permeabilized Lymphocytes 
Control Tail % of 
length ([im) Control 
Resveratrol - 13.68 ±1.03" - 30.32 ±2.73" 
Neocuproine - 46.27 ±2.53 - 56.99 ±4.21 
Bathocuproine - 99.46 ±6.85 - 66.16 ±5.41 
Histidine - 98.31 ± 6.37 - 101.25 ±7.79 
Desferrioxamine - 98.25 ±6.28 - 98.57 ±6.53 
mesylate 
''p<0.05 as compared with untreated whole lymphocytes (Tail length = 1.30±0.13) 
''p<0.05 as compared with untreated permeabilized lymphocytes (Tail length 
=2.72±0.17) 
Data represent ± S.E.M of three independent experiments 
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Figure 44. pH dependent copper mobilization in permeabilized 
lymphocytes as measured by Comet assay : 
7.5 6.5 
pH 
5.5 
Reaction mixture (2.0 ml) contained 0.2 M phosphate buffer (pH 7.5 / pH 
6.5) / 0.1 M citrate buffer (pH 5.5) alone i and with resveratrol I (20 )iM) 
which was incubated with permeabilized lymphocytes at 37 °C for 30 min 
and processed further for Comet Assay as described in "Methods". Comet 
tail length (fi metres) is plotted as a function of DNA breakage in 
permeabilized lymphocytes. All points represent mean of three independent 
experiments. Error bars denote ± SEM. P value < 0.05 and significant when 
compared to control. 
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Table 6. Effect of chelators on resveratrol-induced DNA breakage at 
pH 6.5 in permeabilized lymphocytes : 
Dose 
Untreated 
Resveratrol 
(20jiM) 
+Neocuproine (ImM) 
+Bathocuproine (ImM) 
+Desferrioxamine mesylate (ImM) 
+ Histidine (ImM) 
Tail length (|Liin) 
9.87 ± 1.28 
42.13 ± 2.46" 
24.49 ± 1.93* 
20.18 ±1.72* 
41.78 ± 2.38* 
41.26 ±2.31* 
All values represent S.E.M. of three independent experiments. 
*P values < 0.05 when compared to control . 
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We have earlier proposed that an important mechanism for the cytotoxic 
action of plant-derived polyphenolic compounds against cancer cells could 
be the mobilization of endogenous copper ions and the consequent 
prooxidant action (Hadi et al., 2000; Hadi et al., 2007). In further support of 
our hypothesis, I have used a lysed version of Comet assay in the previous 
chapter and have demonstrated the direct interaction of polyphenols with 
cell nuclei that leads to an enhanced oxidative DNA breakage, which is 
inhibited by both neocuproine as well as bathocuproine, suggesting the 
involvement of nuclear copper in the cytotoxic action of polyphenols 
(Shamim et al., 2008). However, since the lysed version required the 
preparation of cell nuclei at an alkaline pH, there existed a possibility that 
the DNA might undergo some structural changes which may be responsible 
for the enhanced DNA breakage. In order to rule out the possibility of such a 
structural change in cellular DNA, in this chapter, I have carried out 
permeabilization of cells at neutral pH (Czene et al., 1997), thereby 
eliminating the need for pretreatment of cells at an alkaline pH and allowing 
the polyphenol resveratrol to interact with cell nuclei at physiological pH. 
The results obtained with Cu(I) specific chelators (neocuproine and 
bathocuproine) are the same as in the previous chapter. Further, using either 
whole cells or permeabilized cells, iron and zinc specific chelators did not 
cause inhibition of resveratrol-induced cellular DNA degradation (table 5). 
Thus, these results strongly indicate that polyphenol-induced cytotoxic 
action involves mobilization of nuclear copper. We have earlier suggested 
that the preferential cytotoxicity of plant polyphenols towards cancer cells is 
explained by the observation made several decades earlier which showed 
that serum (Ebadi and Swanson, 1988; Margalioth et al., 1987), tissue 
(Yoshida et al., 1993) and intracellular (Ebara et al., 2000) copper levels in 
cancer cells are significantly enhanced in various malignancies. Since cancer 
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cells contain elevated levels of copper, they may be more subject to electron 
transfer with polyphenols (Zheng et al., 2006) to generate reactive oxygen 
species (ROS). Thus, because of higher intracellular copper levels in cancer 
cells it may be predicted that the cytotoxic concentrations of polyphenols 
required would be lower in these cells as compared to normal cells. Such 
lower cytotoxic concentrations of polyphenols against cancer cells have been 
demonstrated (Chen et al., 1998; Lu et al., 2000). Moreover, regression of 
tumors in animal models by some plant polyphenols have been demonstrated 
(Orsolic et al., 2004; Orsolic et al., 2005; Mukhtar et al., 1994; Gupta et al., 
2001). Thus the mechanism proposed by us would be an alternative, non-
enzymatic and copper-dependent pathway for the cytotoxic action of these 
compounds that are capable of mobilizing and reducing endogenous copper. 
Indeed, such a common mechanism better explains the anticancer effects of 
polyphenols with diverse chemical structures as also the preferential 
cytotoxicity towards cancer cells. As such this would be independent of Fas 
and mitochondria mediated programmed cell death. Several studies have 
indicated that apoptosis induction by several polyphenols and other anti-
cancer agents is independent of caspases and mitochondria (Piwocka et al., 
1999; Leist and Jaattela, 2001) and is accompanied by an increase in the 
intracellular levels of ROS (Yoshino et al., 2004; Noda et al., 2007; Heiss et 
al., 2007). 
An important component of our hypothesis is that plant polyphenols, 
possessing anticancer and apoptosis inducing properties, mobilize chromatin 
bound copper which is redox cycled and which in turn leads to the formation 
of ROS such as the hydroxyl radical. This is also in concurrence with the 
idea that because of its extreme reactivity the hydroxyl radical must be 
produced in the vicinity of DNA (Pryor, 1988) in order to cause its cleavage. 
As already seen, the results presented in this chapter show that polyphenols 
are able to mobilize endogenous copper ions from permeabilized 
lymphocyte nuclei and thus are in agreement with this requirement. Thus, 
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we would like to conclude that mobilization of nuclear copper by plant 
polyphenols and the consequent prooxidant action could be one of the 
important mechanisms for their anticancer and chemopreventive properties. 
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Abstract 
It was earlier proposed that an important anti-cancer mechanism of plant polyphenols may involve mobilization of 
endogenous copper ions, possibly chromatin-bound copper and the consequent pro-oxidant action. This paper shows that 
plant polyphenols are able to mobilize nuclear copper in human lymphocytes, Jeading to degradation of cellular DNA. A 
cellular system of lymphocytes isolated from human peripheral blood and comet assay was used for this purpose. Incubation 
of lymphocytes with neocuproine (a cell membrane permeable copper chelator) inhibited DNA degradation in intact 
lymphocytes. Bathocuproine, which is unable to permeate through the cell membrane, did not cause such inhibition. This 
study has further shown that polyphenols are able to degrade DNA in cell nuclei and that such DNA degradation is inhibited 
by neocuproine as well as bathocuproine (both of which are able to permeate the nuclear pore complex), suggesting that 
nuclear copper is mobilized in this reaction. Pre-incubation of lymphocyte nuclei with polyphenols indicates that it is capable 
of traversing the nuclear membrane. This study has also shown that polyphenols generate oxidative stress in lymphocyte 
nuclei which is inhibited by scavengers of reactive oxygen species (ROS) and neocuproine. These results indicate that the 
generation of ROS occurs through mobilization of nuclear copper resulting in oxidatively generated DNA breakage. 
Keywords: Plant polyphenols, pro-oxidant DNA breakage, nuclear copper, Comet assay 
Introduction 
Plant-derived polyphenolic compounds that include 
flavonoids, tannins, curcuminoids, gallocatechins 
such as epigallocatechin-3-gallate (EGCG) and stil-
benes such as resveratrol possess a wide range of 
pharmacological properties, the mechanisms of 
which have been the subject of considerable interest. 
They are recognized as naturally occurring antiox-
idants and have been implicated as antiviral and anti-
tumour compounds [1,2]. In recent years, a number 
of reports have appeared which have shown that 
gallocatechins found in green tea and which include 
tannic acid, gallic acid, epigallocatechin, epicatechin-
3-gallate and epigallocatechin-3-gallate (EGCG) in-
duce apoptosis in various cancer cell lines [3,4]. 
Similarly, curcumin [5] from the spice turmeric and 
resveratrol [6] which is fotind in red grapes and red 
wine have also been shown to be inducers of 
apoptosis in cancer cells. The consumption of green 
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tea is considered to reduce the risk of various cancers 
such as that of bladder, prostate, oesophagus and 
stomach [4]. Of particular interest is the observation 
that EGCG was found to induce internucleosomal 
DNA fragmentation in cancer cell lines such as 
human epidermoid carcinoma cells, human carci-
noma keratinocytes, human prostate carcinoma cells 
and mouse lymphoma cells. However, such DNA 
fragmentation was not observed in normal human 
epidermal keratinocytes [4]. Similarly, gallic acid 
showed cytotoxicity for a number of tumour cell lines 
but primary cultured rat hepatocytes and macro-
phages were found to be refiractory to the cytotoxic 
effect [3]. Resveratrol was also shown to induce 
apoptotic cell death in HL60 human leukaemia cell 
lines but not in normal peripheral blood lymphocytes 
[6], 
Studies in our laboratory have shown that flavo-
noids [7], tannic acid and its structural constituent 
gallic acid [8], curcumin [9], gallocatechins [10] and 
resveratrol [11] cause oxidative strand breakage in 
DNA either alone or in the presence of transition 
metal ions such as copper. Copper is an important 
metal ion present in chromatin and is closely asso-
ciated with DNA bases, particularly guanine [12]. It 
is also one of the most redox active of the various 
metal ions present in cells. Most of the plant 
polyphenols possess both antioxidant as well as pro-
oxidant properties [3,7] and we have earlier proposed 
that the pro-oxidant action of polyphenolics may be 
an important mechanism of their anti-cancer and 
apoptosis inducing properties [13]. In fact, some 
recent interesting studies have suggested that increas-
ing reactive oxygen species generation over an estab-
lished threshold by lowering antioxidant defences 
may contribute to selective killing of cancer cells 
[14,15]. Such a mechanism for the cytotoxic action of 
these compounds against cancer cells would involve 
mobilization of endogenous copper ions, possibly 
chromatin bound copper and the consequent pro-
oxidant action. Using a cellular system of peripheral 
lymphocytes isolated from human blood and alkaline 
single cell gel electrophoresis (Comet assay), we have 
confirmed that the polyphenol resveratrol in the 
presence of Cu(II) is indeed capable of causing 
oxidative DNA degradation in cells and thus this 
reaction could be of biological significance [16]. 
Further, we have also shown that plant polyphenols 
alone are capable of oxidatively degrading lympho-
cyte DNA through mobilization of cellular copper 
[17]. 
As a further confirmation of our idea, we have used 
a lysed version of the comet assay to show that plant 
polyphenols are capable of mobilizing copper ions 
from lymphocyte nuclei. TTie use of a lysed version 
eliminates the cell membrane barrier and any putative 
interaction of polyphenols with cytoplasmic compo-
nents. Thus, the polyphenols are able to directly 
interact with the nuclei. TTie results are in further 
support of our hypothesis that the anti-cancer me-
chanism of plant polyphenols involves mobilization of 
endogenous copper, possibly chromatin-bound cop-
per and the consequent pro-oxidant action. 
Materials and methods 
Materials 
Resveratrol, EGCG, gallic acid, caffeic acid, daidzein, 
neocuproine, bathocuproine disulphonate, superox-
ide dismutase (SOD), agarose, low melting point 
agarose (LMPA), RPMI1640, Triton X-100, Trypan 
blue, Histopaquel077 and phosphate buffered saline 
(PBS) Ca"'""'" and Mg"*""*" free were purchased from 
Sigma (St. Louis, MO). Delphinidin was purchased 
from Extra Synthese (Genay, France). All other 
chemicals were of analytical grade. Resveratrol and 
Delphinidin were dissolved in 3 mM NaOH before 
use as a stock of 1 mM solution. All other polyphenols 
were dissolved in water. Upon addition to reaction 
mixtures, in the presence of buffers mentioned and at 
concentrations used, all the polyphenols used re-
mained in solution. The volumes of stock solution 
added did not lead to any appreciable change in the 
pH of reaction mixtures. 
Isolation of lymphocytes 
Heparinized blood samples (2 ml) from a single 
healthy donor was obtained by venepuncture and 
diluted suitably in Ca++ and Mg++ free PBS. 
Lymphocytes were isolated from blood using Histo-
paque 1077 (Sigma) and the cells were fmally 
suspended in RPMI 1640. A single donor donated 
blood for all experiments (first author). 
Viability assessment of lymphocytes 
The lymphocytes were checked for their viability 
before the start and after the end of the reaction using 
Trypan Blue Exclusion Test [18]. 
Treatment of lymphocyte nuclei with polyphenols and 
evaluation of DNA breakage by using lysed version of 
comet assay 
Treatment of nuclei by polyphenols was carried out 
by lysing the lymphocytes embedded in agarose on 
slides and subsequently treating the nuclei in such 
slides by polyphenols and other agents. Such a lysed 
version of the comet assay has been used to study the 
direct interaction of various agents with cell nuclei as 
it eliminates the effect of the cell membrane as a 
barrier and the intracellular environment [19]. A 
lysed version of comet assay was performed as 
described by Kasamatsu et al. [20] with some 
modifications. Lymphocytes isolated firom 2 ml blood 
were diluted to the count of 2 x 10^ cells/2 ml and 
766 U. Shamim et al. 
suspended in RPMI 1640. Approximately 10 000 of 
these cells were mixed with 75 ^1 of pre-warmed 
LMPA in PBS and immediately applied to a frosted 
microscopic slide layered with 75 nl of 1 % standard 
agarose in PBS. The slides were allowed to gel at 4°C 
for 10 min. Lysis of cells was then performed by 
submerging the slides in a tank containing lysis 
solution in the absence of light for 1 h at 4°C. The 
use of a tank instead of a coplin jar allowed 
simultaneous processing of a number of slides. The 
lysis solution (pH 10) consisted of 2.5 M NaCl, 0.1 M 
EDTA, 10 mMTris and 1% Triton X-100 added just 
prior to use. After lysis, slides were transferred to 
another tank containing 0.4 M Phosphate buffer (pH 
7.5) for 10 min. Each slide was then transferred to a 
rectangular dish (8 cm x 3 cm x 5 mm) which con-
tained a reaction mixture of polyphenols and other 
additions as mentioned in various legends to figures 
and tables. The slides with the reaction mixture was 
incubated at 37°C. The slides were then washed twice 
by placing in 0.4 M phosphate buffer pH 7.5 for 
5 min at room temperature. DNA unwinding and 
expression of alkali labile sites was done by leaving 
the slides in the high pH electrophoresis buffer 
(1 mM EDTA, 300 mM NaOH, pH> 13 prepared 
in PBS) at 4°C for 30 min. Subsequently, the 
electrophoresis, neutralization and staining of the 
slides was carried out as described earlier [16]. 
Comet images were observed at 100 x magnification 
with a fluorescence microscope (Olympus CX41) and 
COHU 4910 (equipped with a 510-560 nm excita-
tion and 590 nm barrier filters) integrated CC 
camera. Fifty images were randomly selected from 
each sample and their lengths (diameter of the 
nucleus plus migrated DNA) and % DNA in tail 
were measured on the screen as automatically gener-
ated by Komet 5.5 image analysis system of Kinetic 
Imaging (Liverpool, UK). 
Treatment of whole lymphocytes with polyphenols and 
evaluation using the standard comet assay 
Treatment of whole lymphocytes with polyphenols 
and the subsequent Comet assay was performed 
essentially as described earlier [16]. However, since 
the DNA breakage had to be compared with that in 
lymphocyte nuclei, the treatment of cells with poly-
phenols was done on slides rather than in eppendorf 
tubes. Further, the lysis of cells was carried out after 
the polyphenol treatment. The other conditions 
remained the same as described above. 
Detection of H2O2 generation by various polyphenols in 
the incubation medium of nuclei. 
The ferrous oxidation-xyienol orange (FOX) assay 
[21] was adapted to detect and quantify the genera-
tion of H2O2 in the incubation medium (phosphate 
buffer 0.4 M, pH 7.5) by various polyphenols. The 
simplified reaction sequence involves the oxidation of 
ferrous (Fe^"") to ferric (Fe^ +) ions by H2O2 with the 
subsequent binding of the Fe'"*" ion to the ferric 
sensitive dye xylenol orange, yielding an orange to 
purple complex, which is measured at 560 nm. The 
reaction mixture contained the polyphenol and phos-
phate buffer (incubation medium used in the treat-
ment of nuclei). After incubation for 2 h at 37°C, an 
aliquot of 200 \i\ was analysed for H2O2 formation. 
Isolation of nuclei from lymphocytes and determination of 
TEARS 
Nuclei were isolated from lymphocytes by following 
the procedure given in Qiagen Genomic DNA Hand-
book (2001). Three millilitres of lymphocyte suspen-
sion (2x10^ cells) was added to an equal volume of 
ice cold cell lysis buffer (1.28 M Sucrose, 40 mM Tris-
Cl pH 7.5, 20 mM Mgclz, 4%Triton X-100) and 
three volumes of ice cold distilled water. The 
suspension was mixed by inverting the tubes several 
times and incubated for 10 min on ice. The buffer 
lyses the cells but stabilizes and preserves the nuclei. 
The lysed cells were then centrifuged at 4°C for 
15 min at 1300 xg. The nuclear pellet thus obtained 
was resuspended in 1.5 ml of nuclei suspension buffer 
consisting of 50 mM Tris-Hcl pH 7.5, 20% Glycerol, 
5 mM Mgcl2 and 0.1 niM EDTA [22]. 
Thiobarbituric-acid-reactive substance (TBARS) 
was determined according to the method of 
Ramanathan et al. [23]; 200 i^l of the nuclei suspen-
sion was incubated with EGCG (0-200 ^M) at 37°C 
in a total volume of 3 ml for 1 h. The reaction was 
stopped by the addition of 30 |il of 5 N NaOH. In 
some experiments nuclei were pre-incubated with a 
fixed concentration of neocuproine and thiourea. To 
1.5 ml of the reaction mixture was added 0.5 ml of 
10% TCA and 0.5 ml of 0.6 M T B A (2-thiobarbituric 
acid) and the mixture incubated in a boiling water 
bath for 10 min. The absorbance was read at 532 nm 
and converted into nmoles of TBA reactive substance 
using the molar extinction coefficient. 
Statistics 
The statistical analysis was performed as described by 
Tice et al. [24] and is expressed as + SEM of three 
independent experiments. A student's r-test was used 
to examine statistically significant differences. Analy-
sis of variance was performed using ANOVA. P-
values < 0.05 were considered statistically significant. 
Results 
DNA breakage by H2O2 and EGCG in whole 
lymphocytes and lymphocyte nuclei as measured by comet 
assay 
Since in the lysed version of the Comet assay 
membrane and cytoplasmic barrier is eliminated it 
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would be reasonable to assume that the polyphenol is 
able to directly interact with the cell nuclei. Thus, 
considerably greater DNA breakage should be ob-
served in the lysed version as compared to the 
standard version where intact lymphocytes are used. 
H2O2 is a well known DNA damaging agent and is 
membrane permeable [25], Increasing concentrations 
of H2O2 (5, 10, 20 HM) and EGCG (25, 50, 100 HM) 
were tested for DNA breakage in intact lymphocytes 
(standard version of Comet assay) and compared 
with that observed with lymphocyte nuclei (lysed 
version). Photographs of comets obtained with 20 nM 
H2O2 and 50 |iM EGCG in the standard and lysed 
version of Comet assay are shown in Figure 1. In 
Figure 2 the data is plotted as % DNA in tail of 
comets with increasing concentration of H2O2 and 
EGCG. In both cases, it is seen that the rate of tail 
formation is considerably greater in the case of the 
lysed version, suggesting that H2O2 and the poly-
phenol EGCG are able to directly interact with the 
nuclei when the lysed version of comet assay is used. 
Similar results have also been reported by Kasamatsu 
et al. [20] using H2O2 and bleomycin. 
Effect of pre-incubation of lymphocyte nuclei with 
polyphenols on polyphenol-Cu(II) mediated DNA 
breakage 
It is well known that polyphenols auto-oxidize in cell 
culture media to generate H2O2 and quinones that 
can enter cells/nuclei-causing damage to various 
macromolecules [21,25,26]. This may lead to extra-
neous production of reactive oxygen species that 
could account for cellular DNA breakage. In order 
to exclude this possibility, nuclear DNA breakage was 
studied by pre-incubating the nuclei with polyphenols 
(resveratrol and EGCG) after which the nuclei were 
washed with PBS and incubated further in the 
presence of 5 JXM CUCI2 (Figure 3). It may be noted 
that the concentrations of polyphenols when used 
alone (2, 5, 10 |iM) give rise to only a limited degree 
of nuclear DNA breakage (2-5 |XM). With either 
resveratrol or with EGCG, a progressive and signifi-
cant DNA breakage could only be seen after incubat-
ing the pre-treated nuclei further in the presence Cu 
(II). It is well established that the nuclear pore 
complex is permeable to small molecules [27]. 
Thus, the nuclear DNA breakage observed in these 
experiments is presumably the result of direct inter-
action of polyphenols with chromatin. For example, it 
is considered that the polyphenol resveratrol affects 
several aspects of DNA metabolism, i.e. DNA 
replication, recombination, repair, relaxation and 
telomere maintenance through its binding to cellular 
DNA [28]. In Table I, we give an experiment which 
further supports this idea. Nuclear DNA tail length 
formation was determined for a number of polyphe-
nols at a fixed concentration of 50 HM. The least 
efficient among these was found to be tannic acid and 
the most effective was diadzin. The differential rate of 
Figure 1. Single cell gel electrophoresis of human peripheral lymphocytes (A) and lymphocyte nuclei (B) showing comets (100 x) after 
treatment with H2O2 (20 (XM) (a) and with EGCG (50 HM) (b). The incubation of lymphocytes and lymphocyte nuclei with both H2O2 and 
EGCG was for 1 h at 37°C. 
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Figure 2. A comparison of DNA breakage in intact lymphocytes 
(A) and lymphocyte nuclei (D) using increasing concentrations of 
H2O2 (A) and EGCG (B). The data obtained in the experiment 
given in Figure 1 is plotted. Values reported are +SEM of three 
independent experiments. 
nuclear DNA degradation by the polyphenols tested 
is possibly the result of differential copper binding 
and copper reducing efficiency of various polyphenols 
[7] as well as their affinity for DNA binding [29]. 
H2O2 production by the polyphenols (in the absence 
of nuclei, in 0.4 M phosphate buffer, the suspension 
medium of nuclei) at the same concentration was also 
determined. As can be seen, tannic acid is the most 
efficient generator of H2O2 but is least effective as a 
DNA degrading agent and no correlation exists 
between the relative H2O2 production and the DNA 
tail length formation by the various polyphenols. 
Effect of active oxygen scavengers on resveratrol-induced 
DNA breakage in lymphocyte nuclei 
We have previously shown [17] that resveratrol-
induced DNA breakage in intact lymphocytes is 
inhibited to significant degrees by various scavengen 
of reactive oxygen species. Table II gives the results of 
an experiment where three scavengers (superoxide 
dismutase, catalase and thiourea) were tested for their 
effect on resveratrol-induced DNA breakage in lym-
phocyte nuclei using the lysed version of Comet 
assay. All three caused significant inhibition of DNA 
breakage as evidenced by decreased % DNA in tail 
of comets. It may be mentioned that due to the 
2 4 6 8 
Resveratrol with EGCG (pM) 
Figure 3. Effect of pre-incubating the lymphocyte nuclei with 
increasing concentrations of resveratrol (A) and EGCG (B) on 
DNA breakage. The lymphocyte nuclei layered on slides (two sets) 
were pre-incubated with the indicated concentrations of resveratrol 
(A) and EGCG (B) for 15 min at 37°C. The slides were then 
washed twice for 5 min each with PBS and further incubated for 
30 min in the presence of 5 (iM Cu(II) ( A ) . The other set which 
served as control was further incubated in PBS alone (D). Values 
reported are +SEM of three independent experiments. 
site-specific nature of the reaction of hydroxyl radicals 
with DNA it is difficult for any trapping molecules 
to intercept them completely [30]. We conclude 
that superoxide anion and H2O2 are essential com-
ponents in the pathway that leads to the formation of 
hydroxyl radical and other species which would be the 
Table I. Percentage DNA in the tail and relative H2O2 production 
by various polyphenols in lymphocyte nuclei. 
Polyphenol production 
(50 ^M) 
Untreated 
Daidzein 
Gallic acid 
Delphinidin 
EGCG 
Caffeic add 
Resveratrol 
Tannic acid 
% DNA in tail 
2.41+0.26" 
61.52 + 5.00* 
54.32 ±4.03* 
47.65 + 4,55* 
40.67 + 3.82* 
39.17 + 3.42* 
32.86 + 2.78* 
20.00 ±1.51* 
H2O2 (nmoles) 
0.00 
1.46 
1.97 
0.19 
10.81 
0.69 
1.65 
13.35 
The incubation period for the reaction mixture (lymphocyte nuclei 
and polyphenols) was 1 h for 37°C. 
* p <0.05 by comparison with control (#). data represent ±SEM 
of three independent experiments. 
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Table II. Effect of scavengers of active oxygen species on 
resveratrol-induced nuclear DNA breakage. 
Dose 
Untreated 
Resveratrol (50 (IM) 
+ SOD (100 Hg/ml) 
+ Catalase (100 ng/ml) 
+Thiourea (1 mM) 
% DNA in the tail 
2.27+0.04 
34.95 + 2.68* 
9.11 ±0.84* 
10.59±0.92* 
12.24±1.19* 
% Inhibition 
— 
73% 
69% 
64% 
The incubation period of the reaction mixture (lymphocyte nuclei, 
resveratrol and scavengers) was 1 h at 37°C. 
All values represent ±SEM of three independent experiments. 
* p-values <0.05 when compared to control (#). 
proximal DNA cleaving agents. Since the results are 
similar to those seen with whole lymphocytes, it is 
suggested that the same mechanism involving reactive 
oxygen species is responsible for DNA breakage, 
irrespective of whether intact lymphocytes or lym-
phocyte nuclei are treated with resveratrol. 
permeable [31,32]. In the experiment shown in 
Figure 4 we have also used bathocuproine disulpho-
nate, the water soluble membrane impermeable 
analogue of neocuproine, to show that whereas 
neocuproine inhibits EGCG-induced DNA breakage 
in intact lymphocytes, bathocuproine as expected is 
ineffective in causing such inhibition (Figure 4A). 
However, when these two copper-specific chelators 
were tested for DNA breakage inhibition in lympho-
cyte nuclei, both were found to inhibit DNA breakage 
in a dose-dependent manner (Figure 4B). Similar 
results were obtained when resveratrol instead of 
EGCG was used in this experiment. In the lysed 
version of Comet assay, membrane and cytoplasmic 
barrier is eliminated. Further, the nuclear pore 
complex is permeable to small molecules. Therefore, 
we take these results to indicate that, as proposed by 
us, plant polyphenols mobilize chromatin-bound 
copper, leading to oxidative DNA breakage. 
Mobilization of nuclear copper by plant polyphenols 
In a previous study [17], we have shown that 
resveratrol mediated DNA degradation of lympho-
cyte DNA is inhibited by neocuproine, which is a 
Cu(I) specific chelating agent and is membrane 
(B) 50 -I 
10 20 30 40 
Bathocuproine/Neocuproine (pM) 
10 20 30 40 
Bathocuproine/Neocuproine (|JM) 
Figure 4. Effect of increasing concentrations of bathocuproine 
(A)/neocuproine (D) on EGCG-induced DNA brealcage in 
lymphocytes (A) and lymphocyte nuclei (B). The reaction mixture 
contained lymphocyte/lymphocyte nuclei, EGCG and neocu-
proine/bathocuproine. The incubation period was 1 h at 37°C. 
Values reported are +SEM of three independent experiments. 
Determination of TEARS as a measure of oxidative stress 
in nuclei by EGCG in the presence of neocuproine and 
thiourea 
According to our hypothesis, the DNA breakage 
observed in lymphocyte nuclei is the result of the 
generation of hydroxyl radicals and other reactive 
oxygen species in situ. Oxygen radical damage to 
deoxyribose or DNA is considered to give rise to TBA 
reactive material [33,34]. We have therefore deter-
mined the formation of TBA reactive substance 
(TEARS) as a measure of oxidative stress in lympho-
cyte nuclei with increasing concentrations of EGCG. 
The effect of pre-incubating the nuclei with neocu-
proine and thiourea was also studied. Results given in 
Figure 5 show a dose-dependent increase in the 
o 
E 
o 
c 
n 
c 
OT 
< 
100 
EGCG (MM) 
Figure 5. Effect of pre-incubation of lymphocyte nuclei with 
neocuproine and thiourea on TEARS generated by increasing 
concentrations of EGCG. EGCG alone ( • ) , EGCG+neocuproine 
(1 mM) (D), EGCG + thiourea (1 mM) ( A ). The nuclei suspension 
was pre-incubated with fixed concentration of neocuproine and 
thiourea for 30 min at 37°C after which it was further incubated for 
I h in the presence of increasing EGCG concentration. Values 
reported are +SEM of three independent experiments. 
770 U. Shamim et al. 
formation of TEA reactive substance in lymphocyte 
nuclei by EGCG. However, a considerable decrease 
in the rate of formation of TEARS was observed in 
the presence of neocuproine and thiourea. The 
results indicate that DNA breakage in nuclei is 
inhibited by Cu (I) chelation and scavenging of 
reactive oxygen. Thus it may be concluded that the 
oxidative stress induced by polyphenols in lympho-
cyte nuclei is at least in part mediated by chromatin-
bound copper. 
Discussion 
We have earlier proposed that an important mechan-
ism for the cytotoxic action of plant-derived poly-
phenolic compounds against cancer cells could be the 
mobilization of endogenous copper ions and the con-
sequent pro-oxidant action. This is based on several 
lines of indirect evidence in literature and our own 
studies where we have observed that apoptotic DNA 
fragmentation properties of a number of plant poly-
phenols correlate with the ability to cause oxidative 
DNA breakage in vitro in the presence of copper ions 
[35]. We have also shown that the polyphenol-Cu (II) 
system is able to cause cellular DNA degradation in 
isolated lymphocytes and thus is physiologically 
feasible and could be of biological significance [16]. 
At a relatively higher concentration the polyphenols 
alone are also capable of causing DNA breakage in 
cells and such DNA breakage possibly involves 
mobilization of endogenous copper ions. Further, 
we have suggested that the preferential cytotoxicity 
of plant polyphenols towards cancer cells is explained 
by the observation made several decades earlier which 
showed that serum [36,37], tissue [38] and intracel-
lular copper levels in cancer cells [39] are significantly 
increased in various malignancies. Since cancer cells 
contain elevated levels of copper, they may be more 
subject to electron transfer with polyphenols [40] to 
generate reactive oxygen species (ROS). Thus, be-
cause of higher intracellular copper levels in cancer 
cells it may be predicted that the cytotoxic concentra-
tions of polyphenols required would be lower in these 
cells as compared to normal cells. Such lower cyto-
toxic concentrations of polyphenols against cancer 
cells have been demonstrated [41,42]. Indeed, plant 
polyphenols have been shown to cause regression of 
tumours in animal models [43-46]. 
Several other mechanisms have been proposed to 
account for the anti-cancer properties of plant poly-
phenols. Among the various classes of polyphenols, 
res vera trol has attracted the maximum attention. It is 
considered that resveratrol is able to block each step 
in the carcinogenesis process by inhibiting several 
molecular targets such as kinases, cyclooxygenases, 
ribonucleotide reductase and DNA polymerases [47]. 
Further, several plant polyphenols have also been 
shown to induce Gj phase arrest and to trigger 
mitochondrial-dependent, p53-dependent, ROS-de-
pendent, bcl-2 sensitive apoptotic response in tumour 
cells [47,48]. Resveratrol has been shown to induce 
activation of p53 accumulation and inhibition of 
N F K B . Other studies have emphasized the role of 
polyphenols as topoisomerase 11 poisons causing 
enhanped cellular DNA cleavage [49,50]. A further 
evaluation of the literature would indicate that the 
subject of anti-cancer mechanisms of plant polyphe-
nols is rather complicated and controversial. How-
ever, it does appear that the anti-carcinogenic 
activities of plant polyphenols may be related but 
not due entirely to their anti-oxidative and the above 
mentioned properties. As already mentioned, a pro-
oxidant action may be important in anti-cancer and 
apoptosis-inducing properties of these compounds. 
According to our hypothesis, plant polyphenols 
possessing anti-cancer and apoptosis-inducing prop-
erties are able to mobilize endogenous copper ions, 
possibly the copper bound to chromatin, leading to 
the formation of ROS such as the hydroxyl radical 
close to the proximity of the site of DNA cleavage 
[51,52]. Essentially, this would be an alternative, 
non-enzymatic and copper-dependent pathway for 
the cytotoxic action of certain anti-cancer agents that 
are capable of mobilizing and reducing endogenous 
copper. Indeed such a common mechanism better 
explains the anti-cancer effects of polyphenols with 
diverse chemical structures as also the preferential 
cytotoxicity towards cancer cells. As such this would 
be independent of Fas and mitochondria mediated 
programmed cell death. Several studies have indi-
cated that apoptosis induction by several polyphenols 
and other anti-cancer agents is independent of 
caspases and mitochondria [53,54] and is accompa-
nied by an increase in the intracellular levels of ROS 
[55-57]. An important component of our hypothesis 
is that plant polyphenols mobilize chromatin-bound 
copper which is redox cycled and which in turn leads 
to the formation of ROS. This is also in concurrence 
with the idea that because of its extreme reactivity the 
hydroxyl radical must be produced in the vicinity of 
DNA [51] in order to cause its cleavage. In the 
present results we have shown that polyphenols are 
able to mobilize endogenous copper ions from 
lymphocyte nuclei and thus are in agreement with 
this requirement. Thus, our results are an important 
step in further validation of our hypothesis. 
Acknowledgements 
The authors acknowledge the fmancial assistance 
provided by the University Grants Commission, 
New Delhi, under the DRS programme and CSIR 
for Senior Research Fellowship. 
Plant polyphenols mobilize nuclear copper in human peripheral 771 
Declaration of interest: The authors report no 
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper. 
References 
[1] Hanasaki Y, Ogawa S, Fukui S. The correlation between 
active oxygen scavenging and antioxidative effects ot flavo-
noids. Free Radic Biol Med 1994;16:845-850. 
[2] Mukhtar H, Das M, Khan WA, Wang ZY, Bik DP, 
Bickers DR. Exceptional aaivity of tannic acid among 
naturally occurring plant phenols in protecting against 
7,12-dimethyl benz(a)anthracene-, benzo(a)pyrene-, 3-
methylcholanthrene- and N-methyl-N-nitrosourea-induced 
skin tumorigenesis in mice. Cancer Res 1988;48:2361-2365. 
[3] Inoue M, Suzuki R, Koide T, Sakaguchi N, Ogihara Y, 
Yabu Y. Antioxidant, gallic acid, induces apoptosis in 
HL60RG cells. Biochem Biophys Res Commun 1994;204: 
898-904. 
(4] Ahmed N, Feyes DK, Nieminen AL, Agarwal R, Mukhtar H. 
Green tea constituent epigallocatechin-3-gallate, and induc-
tion of cell cycle arrest in human carcinoma cells. J Natl 
Cancer Inst 1997;89:1881-1886. 
[5] Kuo ML, Huang TS, Lin JK. Curcumin, an antioxidant and 
antitumor promoter, induces apoptosis in human leukemia 
cells. Biochim Biophys Acta 1996;1317:95-100. 
[6] Clement HV, Hirpara JL, Chawdhury SH, Pervaiz S. 
Chemopreventive agent resveratrol, a natural product derived 
from grapes, triggers CD95 signalling-dependent apoptosis in 
human tumor cells. Blood 1998;92:996-1002. 
[7] Ahmad MS, Fazal S, Rahman A, Hadi SM, Parish JH. 
Activities of flavonoids for the cleavage of DNA in the 
presence of Cu(II): correlation with the generation of active 
oxygen species. Carcinogenesis 1992;13:605-608. 
[8] Khan NS, Hadi SM. Structural features of tarmic acid 
important for DNA degradation in the presence of Cu(II). 
Mutagenesis 1998;13:271-274. 
[9] Ahsan H, Hadi SM. Strand scission in DNA induced by 
curcumin in the presence of Cu(II). Cancer Lett 1998; 
124:23-30. 
[10] Malik A, Azam S, Hadi N, Hadi SM. DNA degradation by 
water extract of green tea in the presence of copper ions: 
implications for anticancer properties. Phytother Res 
2003;17:35^363. 
[11] Ahmad A, Asad SF, Singh S, Hadi SM. DNA breakage by 
resveratrol and Cu(II): reaction mechanism and bacterioph-
age inactivation. Cancer Lett 2000;154:54-57. 
[12] Kagawa TF, Geierstanger BH, Wang AHJ, Ho PS. Covalent 
modification of guanine bases in double stranded DNA: the 
1 ;2-AZ-DNA structure of dc(CACACG) in the presence of 
CuCla. J Biol Chem 1991;266:20175-20184. 
[13] Hadi SM, Asad SF, Singh S, Ahmad A. A putative mechan-
ism for anticancer and apoptosis including properties of 
plant-derived polyphenolic compounds. lUBMB Life 2000; 
50:1-5. 
[14] Schumacker PT Reactive oxygen species in cancer cells: live 
by the sword, die by the sword. Cancer Cell 2006; 10: 
175-176. 
[15] Trachootham D, Zhou Y, Zhang H, Dcmizu Y, Chen Z, 
Peiicano H. Selective killing of oncogenically transformed 
cells through a ROS-mediated mechanism by beta-pheny-
lethyl iso±iocyanate. Cancer Cell 2006;10:241-252. 
[16] Azmi AS, Bhat SH, Hadi SM. Resveratrol-Cu(II) induced 
DNA breakage in human peripheral lymphocytes: implica-
tions for anticancer properties. FEES Lett 2005;579: 
3131-3135. 
[17] Azmi AS, Bhat SH, Hanif S, Hadi SM. Plant polyphenols 
mobilize endogenous copper in human peripheral lym-
phocytes leading to oxidative DNA breakage: a putative 
mechanism for anticancer properties. FEBS Lett 2006;580: 
533-538. 
[18] Renner HW, Schmezer P. Assesment of genotoxic effects of 
lindane. Food Chem Toxicol 1993;31:184-191. 
[19] Szeto YT, Collins AR, Benzie IFF. Effects of dietary 
antioxidants on DNA damage in lysed cells using a modified 
comet assay procedure. Mutat Res 2002;500;3]-38. 
[20] Kasamatsu T, Kohda K, Kawazoe Y. Comparison of chemi-
cally induced DNA breakage in cellular and subcellular 
systems using the comet assay. Mutat Res 1996;369: 
1-6. 
[21] Long LH, Clement MV, Halliwell B. Artifacts in cell culture: 
rapid generation of hydrogenperoxide on addition of ( —)-
epigallocatechin, (— )-epiganocatechingallate, (+)-catechin 
and quercitin to commonly used cell culture media. Biochem 
Biophys Res Commun 2000;273:50-53. 
[22] Bauer AL, Paulding WR, Strict JB, Schnell PO, Czyzyk-
Krzeska MR Endogenous von Hippel-Lindau tumor sup-
pressor protein regulates catecholaminergic phenotype in 
PC 12 cells. Cancer Res 2002;62:1682-1687. 
[23] Ramanathan R, Das NP, Tan CH. Effect of Y-Linolenic acid, 
flavonoids and vitamins on cytotoxicity and lipid peroxida-
tion. Free Radic Biol Med 1994;16:43-48. 
[24] Tice RR, Agurell E, Anderson D, Burlinson B, Hartmarm A, 
Kobayashi H, Miyamae Y, Rojas E, Riyu JC, Sasaki YF. 
Single cell gel electrophoresis/Comet assay: guidelines for in 
vitro and in vivo genetic toxicology testing. Environ Mol 
Mutagen 2000;35:206-21. 
[25] Halliwell B. Oxidative stress in cell culture: an underappre-
ciated problem? FEBS Lett 2003;540:3-6. 
[26] Clement MV, Long LH, Ramalingam J, Halliwell B. The 
cytotoxicity of dopamine may be an artifact of cell culture. 
J Neurochem 2002;81:414-421. 
[27] Mazzanti M. Ion permeability of the nuclear envelope. News 
Physiol Sci 1998;13:44-50. 
[28] Gacz SV, Wiesmuller L. Take a break-resveratrol in action on 
DNA. Carcinogenesis 2008;29:321-332. 
[29] Rahman A, Shahabuddin S, Hadi SM, Parish JH. Complexes 
involving quercetin DNA and Cu(II). Carcinogenesis 1990; 
11:2001-2003. 
[30] Czene S, Tiback M, Harms-Ringdahl M. pH-dependent 
DNA cleavage in permeabilized human fibroblasts. Biochem 
J 1997;323:337-341. 
[31] Barbouti A, Doulias PE, Zhu BZ, Galaris D. Intracellular 
iron, but not copper plays a critical role in hydrogen peroxide-
induced DNA damage. Free Radic Biol Med 2001;31: 
490498. 
[32] Stefan C, Nobel I, Kimland M, Lind B, Orrenius S, Slater 
AFG. Dithiocarbamates induce apoptosis in thymocytes by 
raising the intracellular level of redox-active copper. J Biol 
Chem 1995;270:26202-26208. 
[33] Smith C, Halliwell B, Aruoma OI. Protection by albumin 
against the prooxidant action of phenolic dietary components. 
Food Chem Toxicol 1992;30:483-489. 
[34] Quinlan GJ, Gutteridge MC. Oxygen radical damage to DNA 
by Rifamycin SV and copper ions. Biochem Pharmacol 
1987;36:3629-3633. 
[35] Hadi SM, Showket HE, Azmi SA, Hanif S, Shamim U, Ullah 
MF. Oxidative breakage of cellular DNA by plant polyphe-
nols: a putative mechanism for anticancer properties. Semin 
Cancer Biol 2007;17:370-376. 
[36] Ebadi M, Swanson S. The status of zinc, copper and 
metallothionien in cancer patients. Prog Clin Biol Res 
1988;259:61-175. 
772 U. Shamim et al 
[37] Margalioth EJ, Udassin R, Cohen C, Maor J, Anteby SO, 
Schenker JG. Serum copper level in gynaecologic malignan-
cies. Am J Obstet Gynaecol 1987;157:93-96. 
[38] Yoshida D, Ikeda Y, Nakazawa S. Quantitative analysis of 
copper, zinc and copper/zinc ratio in selective human brain 
tumors. J Neurooncol 1993;16:109-115. 
[39] Ebara M, Fukuda H, Hanato R, Saisho H, Nagato Y, Suzuki 
K, Nakajima K, Yukawa M, Kondo F, Nakayama A, Sakurai 
H. Relationship between zinc, copper and metallothionein in 
hepatocellular carcinoma and its surrounding liver parench-
yma. J Hepatol 2000;33:415-122. 
[40] Zheng LP, Wei QY, Cai YJ, Fang JG, Zhou B, Yang L, Liu 
ZL. DNA damage induced by resveratrol and its synthetic 
analogs in the presence of Cu(II) ions: mechanism and 
structure-activity relationship. Free Radic Biol Med 2006;41: 
1807-1816. 
[41] Chen ZP, Schell JB, Ho CT, Chen KY. Green tea epigallo-
catechin galate shows a pronounced growth inhibitory effect 
on cancerous cells but not on their normal counterparts. 
Cancer Lett 1998;129:73-179. 
[42] Lu J, Ho CT, Ghai G, Chen KY Differential effects of 
theaflavin monogallates on cell growth, apoptosis, and Cox-2 
gene expression in cancerous versus normal cells. Cancer Res 
2000;60:6465-6471. 
[43] Orsolic N, Knezevic AH, Sver L, Terzic S, Basic I. Immuno-
modulatory and antimetastatic action of propolis and related 
polyphenolic compounds. J Ethnopharmacol 2004;94:307-
315. 
[44] Orsolic N, Terzic S, Sver L, Basic L Honey-bee products in 
the prevention and therapy of murine transplantable tumors. 
J Sci Food Agric 2005;85:363-370. 
[45] Mukhtar H, Katiyar SK, Agarwal R. Green tea and Skin-
anticarcinogenic effects. J Invest Dermatol 1994;102:3-7. 
[46] Gupta S, Hastak K, Ahmad N, Lewin JS, Mukhtar H. 
Inhibition of prostate carcinogenesis in TRAMP mice by 
oral infusion of green tea polyphenols. Proc Natl Acad Sci 
2001j98:10350-]0355. 
[47] Saiko P, Szakmary A, Jaeger W, Szekeres T. Reseveratrol and 
Its analogs: defence against cancer, coronary disease and 
neurodegenerative maladies or just a fad? Mutat Res 
2008;658:68-94. 
[48] Surh Yi. Molecular mechanisms of chemopreventive effects 
of selected dietary and medicinal polyphenolic substances. 
Mutat Res 1999;428:305-327. 
[49] Bandele OJ, Clawson SJ, Osheroff N. Dietary polyphenols as 
Topoisomerase II poisons: B ring and C ring substituents 
determine the mechanism of enzyme-mediated DNA clea-
vage. Chem Res Toxicol 2008;21:1253-1260. 
[50] Austin CA, Patel S, Ono K, Nakane H, Fischer LM. Site 
specific DNA cleavage by mammalian DNA topoisomerase II 
induced by novel flavone and catechin derivatives. Biochem J 
1992;282:883-889. 
[51] Pryor WA. Why is hydroxyl radical the only radical that 
commonly adds to DNA? Hypothesis: it has rare combination 
of high electrophilicity, thermochemical reactivity and a mode 
of production near DNA. Free Radic Biol Med 1988;4: 
219-233. 
[52] Chevion M. Site-specific mechanism for fi-ee radical induced 
biological damage. The essential role of redox-active transi-
tion metals. Free Radic Biol Med 1988;5:27-37. 
[53] Piwocka K, Zablocki K, Weickowski MR, Skierski J, Feiga I, 
Szopa J, Drela N, Wajtczak L, Sikora E. A novel apoptosis-
like pathway, independent of mitochondria and caspases, 
induced by curcumin in human lymphoblastoid T Qurkat) 
cells. Exp Cell Res 1999;249:299-307. 
[54] Leist M, Jaattela M. Four deaths and a funeral: from caspases 
to alternative mechanisms. Nat Rev Mol Cell Biol 2001; 
2:589-598. 
[55] Yoshino M, Haneda M, Naruse M, Htay HH, Tsuboushi R, 
Qiao SL, Li WH, Murakami K, Yokochi T. Prooxidant 
activity of curcumin: copper-dependent formation of 8-
hydroxy-2'-deoxyguanosine in DNA and induction of apop-
totic cell death. Toxicol In Vitro 2004;18:783-788. 
[56] Noda C, He J, Takano T, Tanaka C, Kondo T, Tohyama K, 
Yamamura H, Tohyama Y. Induction of apoptosis by epigal-
locatechin-3-gallate in human lymphoblastoid B cells. Bio-
chem Biophys Res Commun 2007;362:951-957. 
[57] Heiss EH, Schilder YDC, Dirsch VM. Chronic treatment 
with resveratrol induces redox stress- and ATM-dependent 
senescence in p53-positive cancer cells. J Biol Chem 
2007;282:26759-26766. 
This paper was first published online on iFirst on 24 July 2008. 
